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ABSTRACT

A new calorimetric technique has been developed for measuring electron energy deposi-
tion profiles in one dimension. The experimental procedures and theoretical analyses
required in the application of the new method are reviewed. We present extensive re-
sults for electron energy deposition profiles in semi-infinite homogeneous and multi-
layer configurations. These data cover a range of elements from beryllium through
uranium at source energies from 0.3 to 1.0 MeV (selected data at 0.5 and 0.1 MeV) and
at incident angles from 0° to 60°. In every case, the experimental profiles are com-
pared with the predictions of a coupled electron/photon Monte Carlo transport code.
Overall agreement between theory and experiment is very good. However, there ap-
pears to be a tendency for the theoretical profiles to be higher near the peaks and lower
near the tails, especially in high~Z materials. There is also a discrepancy between
theory and experiment in low-Z materials near high-Z/low-2Z interfaces.
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CALORIMETRIC MEASUREMENT OF ELECTRON ENERGY
DEPOSITION IN EXTENDED MEDIA--
THEORY VS EXPERIMENT

I, Introduction

The energy deposited in extended media by electrons with kinetic energies in the megaelectron-
volt (MeV) range has been studied extensively over the past few decades. Extended-media targets
imply geometries with dimensions that are a significant fraction of the ranges of the source elec-
trons, so that the predictions of one-step multiple interaction methods such as the continuous-
slowing-down-approximation (CSDA) or energy-loss straggling theories cannot be relied upon. In
recent years, investigation of these phenomena has received impetus from such areas as health
physics research, space shielding problems, and the myriad of applications of pulsed relativistic
electron beam technology (electron-beam fusion, gas-laser excitation, simulation of nuclear and

space radiation effects, and others).

Traditional methods of measuring electron energy deposition profiles have included ionization
charnbers,l_11 passive dosimetry,lz-18 solid-state detectors,lg-21 and 1uminesce1rxce.22 The
classic work of Spencer23 was the first serious theoretical technique, Today, however, the method

4
of condensed-history Monte Car102 has all but replaced Spencer's moments method,

Despite all of this activity, there remain substantial ambiguities among various experimental
results that preclude the kind of definitive verification of theoretical models that is warranted. This
gituation is illustrated quite vividly in Figure I,1. Shown here are five experimental measure-
ments 7> 8 115 20,25 54 the theoretical prediction from a condensed-history Monte Carlo model26 of
the electron energy deposition profile in a semi-infinite medium of Al for normally incident, 0,5-MeY
electrons. Shown also are Spencer's results23 for a plane parallel source of 0,5-MeV electrons in ar
infinite medium of Al. It is this kind of scatter in such basic transport data that motivated the pres-

ent work.

A critical review of data available through the early 1970s leads to an awareness of certain

deficiencies:

1. Much of the data is not absolute in the sense that often some response profile other
than energy deposition is reported, or else the response profile is arbitrarily
normalized to agree with existing theoretical or experimental energy deposition

data.
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2. Many of the results were obtained by using infinite rather than semi-infinite geom-
etries. This was done either to simplify the measurement or to facilitate compari-
son with Spencer's early calculations.23 In any case, the semi-infinite geometry

is of more practical importance.

3. In the case of semi-infinite geometries, there are very little data for electron

energies less than 1,0 MeV for nonnormal incidence, and for multislab media.

4. Spatial resolution near the surface of semi-infinite geometries is poor, especially

for high-atomic-number media.
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Figure I, 1. Comparison of Experimental Measurements and Theoretical
Predictions of Energy Deposition Profiles in Semi-Infinite
Aluminum by Normally Incident 0. 5-MeV Electrons

On the basis of this review, a commitment was made to a program having as its objective the
measurement of absolute, high-resolution electron energy deposition profiles in a wide range of ma-
terials (varying atomic number) at source energies up to 1.0 MeV and at various angles of incidence
for homogeneous semi-infinite and multilayer configurations. In addition to their inherent value as
basic transport data, these results would also be useful for the verification of state-of-the-art

transport codes.

Most of the existing data had been obtained with the use of thin gas-filled ionization chambers

or passive dosimeters, During the early stages of the present program, the ionization method was



emp10yed.27 However, three rather serious problems were encountered, First, it was necessary
to surround the entire chamber with the fill-gas at the same pressure, since the necessarily very
thin front electrode could not withstand significant pressure difference without bowing, This, in
turn, required a thin window between the gas~filled region and the electron accelerator. This
window scattered the beam and had to be considered a part of the stopping material, It was diffi~
cult to account for these effects in the analysis. Second, the process of making the measurement
was complicated, requiring that saturation be verified and that several extraneous effects be treated.
In order to accomplish the latter, it was necessary to make measurements as a function of gas pres-
sure, thus aggravating the window problem noted in the first point. Third, the gas used did not have
the same atomic number as the material under investigation, necessitating a correction for differ-

ence in stopping powers. This correction was difficult and could have introduced significant inac-

curacy.

The first and second difficulties could have been eliminated by using passive dosimetry.
However, the third problem is likely to have been worse, since the atomic numbers available for
passive dosimeters are very limited. Further, the measurement would not have been prompt; a
significant time would have elapsed between completion of the experiment and reduction of the data.,
Only one experiment could have been conducted for each dosimeter. Excellent quality control and
extensive calibration would have been required, Finally, the beam would have to be uniformly dis-

tributed over a sizeable area.

It was found that to a large degree a thin-foil calorimetric technique could nullify all these
objections. If the material under investigation were a stable metal, then the calorimeter could be
made of that material, thus avoiding any stopping power correction. This method could be used in
vacuo, so that no window would be required., The data could be collected and analyzed by an on-
line computer so that the results would be available in a matter of seconds following a measurement.
Calibration would be straightforward and accurate. Because of these advantages, consideration of
other methods was abandoned in favor of the development of a sophisticated calorimetric technique

with on-line data analysis.

This report is a comprehensive review of the calorimetric measurement of electron energy
deposition profiles and of the comparison of these experimental data with the predictions of the
TIGER code, 26 a one-dimensional, coupled electron/photon Monte Carlo iransport code. Portions

25,27, 28, 29 Section II provides a detailed

of this material have appeared in previous publications.
discussion of the calorimetric method. A complete description of the experimental apparatus is
given in Section III, Application of the TIGER code to predict the energy deposition profiles is
discussed in Section IV, Section V presents graphical and tabular comparisons of experimental
and theoretical results ranging over source energies, incident angles, and target atomic numbers
of 0.3 to 1.0 MeV (selected data at 0.05 and 0.1 MeV), 0° to 60° and 4 to 92, respectively. Con-

cluding remarks are contained in Section VI.

13



II. Calorimetric Method

A, General Considerations

In the previous section, the requirements for the energy-deposition measurement technique
were reviewed. The available methods were surveyed with the result that none satisfied all of the
requirements. Of those examined, it appeared that calorimetry offered the greatest promise.

Therefore, the development of an improved technique based on this method was pursued.

At the outset, it was clear that this approach had several advantages. First, it was absolute.
The sensitivity could be calculated from the geometry and known material properties., In addition
to this, an experimental calibration could be made so that an independent check should be available,
Second, it appeared that thin-foil calorimeters could be made of most metals, so that a variety of
materials could be studied. In most cases of interest, no correction for relative stopping power
would be required; at worst, the correction would be small and contribute little to the error,
Third, the method was active rather than passive and had the possibility for rapid measurement

and automatic data reduction.

On the other hand, there were some possible difficulties and uncertainties. It appeared that
the signal might be small and that there might be a signal/noise ratio problem. The most likely
means of temperature measurement appeared to be the use of thermocouples, so that one might be

5_ to 10-4—V signals in a radiation (Bremsstrahlung) environment. Further, it was

measuring 10~
not clear that there would not be a long-period thermal drift, making the measurement time-
consuming and destroying the precision, Such a drift could occur due to the heat flow to the calo-:
rimeter support structure and an imperfect heat sink for the thermocouple reference junction.
Finally, the regponse of the calorimeter might very well be dependent not only on the input power
level but also on the geometrical extent and location of the deposition region. As the calorimeter
was moved through the material thickness corresponding to movement through the electron range,
the diameter of the energy deposition region changed. Further, the electron beam axis might not
coincide with that of the calorimeter. In the case of nonnormal incidence, the projection of a
cylindrical beam is elliptical, If these factors influenced the sensitivity, a true "calibration

constant'' would not exist.

The first of these problems was nonexistent. Even at low deposition rates, the signal/noise
ratio was adequate, so that temperature measurement by thermocouples was quite satisfactory.
The long-period thermal drift problem was present and would have caused great difficulty, How-
ever, it was possible to modulate the electron beam and measure the periodic thermocouple signal
thus obtained. By making the modulation period short compared to the very long {(of the order of
103 s) thermal-drift time constant, the effect was largely eliminated. The third problem, depen-

dence of sensitivity on energy deposition geometry, was present and did perturb the results,



Sensitivity variation was eliminated by not using the amplitude of the periodic thermocouple signal
but using instead the time derivative, taken at a prescribed time in the modulation cycle. The

reason for the success of this can be seen from the analysis and will be pointed out later.
We now proceed to perform the analysis. Following this we will discuss the design con-

siderations. Some unforeseen difficulties arose during the course of the experiments, and these

will be examined also.

B. Theory of Calorimeter Response

Consider a circular foil of thickness w, radius r. density p, specific heat ¢, thermal con-
ductivity Kl’ and emissivity ¢ (centimetre-gram-second units are used throughout). Assume that
the foil is supported by some number of wires resulting in a total cross sectional area A and each
having a length L. The thermal conductivity of the wire is Ky, These wires are assumed to termi-
nate in a perfect heat sink. The temperature at r is monitored as a function of time. It is as-
sumed that there is no azimuthal temperature variation. The temperature relative to the heat-sink
temperature at radius r and time t is given by u(r, t).

S

The differential equation is given by'

13 3u 2 .23u _ §(r,t)
Far< ar) R AT wK, (1)
where
3
8geT
2 _ o 2 _pc
o = le and B~ = Kl .

In the expressions all symbols have been defined except ¢, which is the Stefan-Boltzmann
constant; To, which is the Kelvin temperature of the enclosure and heat sink; and § (r, t), which is

the rate of heat input per unit area. Note that T4 - Ti has been approximated by 4T2u.
The function §(r, t) has the following time dependence

g{r,t) = 4(r) for Nt < ts (N+1/2)t]

(2)
g(r,t) = 0 for (N + 1/2)to <t s (N+ 1)1;0 .

“See Appendix for the derivation of this equation.
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Here N is an integer and to is the modulation period. The initial condition is
u(r,0) = 0 . (3)

The boundary condition is given by

du(r, t) _ o2
s = -y u(ro,t) . (4)
r=r
o)
where
yz _ KZA/L
Zwrole

The equilibrium solutions (N -~®) to Eq (1) are given by

o

-’C'/'r]{1

u(r,t) = Z AnJo(knr) 1 - e ) Nto < t< (N+ 1/2)t0
n=1

and (5)

@ 't”/Tn
ulr,t) = ZAnJo(knr)une . N+ U2 < ts N+ Dt

n=1

Here t’ and t'’ are the times measured from Nt and (N + 1/2)1;0, respectively, The kn‘s are the

roots of Eq (4), which becomes
2
k = k ,
knJl( nro) 4 Jo( nro) (6)

and the ‘rn's are given by

;- B (7)

n o£2 + k2
n
The pn's are defined by

-t0/2'rn -1
4= [1 + e ] . (8)

n



Jo and J, are the zero and first order Bessel functions, The An‘s are the Fourier-Besgel coef-

ficients which are given by

r
2T 1

m

A = Il2 5 5 f (';(r)Jo(k rirdr , (9)
wper® Jk r Y+ JI%%k r ) Jo n

O O no 1"no

where rm is the maximum radius at which there is heat input. It is convenient to define an f(r),

such that

Qo "m 2
q(r) = 5 f(r), and f f(r)2r rdr = mrooo- (10)
mro o

Here QO is the total rate of heat input. Then we obtain

ZQ T T
A -—2omn ! L £(r)J (k_r)rdr - (11)
2 2 2 2 o n
arwpe [Jkr )+ J(kr ) r Jy
o 0 no 1l no m
For the special case where f(r) = 1 (i, e., the energy is put in uniformly over a circle of radius

r ), we obtain
m

Qo 1 Jkr )

n 2 k r

2 2 . (12)
nrowpc Po(knro) + Jl(knroﬂ n m

A

We will assume such an input for the discussion which follows, At critical points the consequences

of this assumption will be noted.

The most obvious method of obtaining the energy deposition from a calorimeter used in the
time-modulated mode is to measure the amplitude of the resulting signal. Using Eq (5), we find
that the amplitude is the maximum (with t’) of the function
-t/

n

Au = Z AnJo(knro) 2yne -1 . (13)

The difficulty with this can be seen from Eq (12). An varies as

2J1(knrm)
kr *
n m

17



For knrm <« 1, this factor is nearly unity. However, for larger values of the argument, the

factor may become small or negative, Thus as r is allowed to increase toward T the sensitivity

changes. Measurement of the amplitude is therefore not satisfactory, anu we must consider other

techniques.

Equation (7) indicates that the time constants of the successive terms in Eq (5) decrease
rapidly as kn increases., FExamination of a table of roots ofEq (6)30 shows that kn increases rapidly
with n, thus causing a rapid decrease in ‘rn. In a typical case, successive time constants were
calculated to be 75, 1.25, 0.4, and 0.2 s forn = 1, 2, 3, and 4, respectively. This immediately
suggests that, due to the negative exponential, all terms other than the first can be depressed by

taking the time derivative at a time in each half-cycle that is large compared to Ty We would

then have

B -t /T

du =2y a3 Gr ) e dn (14)
no no - T
=t n

dt

t

The plus or minus algebraic signs are obtained for the two half-cycles in Eq (5). If the con-

dition t, > T., T,, etc, prevails, then

d 2" '3
du x A J (k.r ) ﬁ e-td/‘r1 (15)
dt 17010 T '
t=t 1
d

This solves no problem unless A1 is a constant, independent of rm. This is, in fact, a good
approximation. Since rm < ro, we consider the range of klro'

Due to the small value of k ro(< 2.405), the value of the factor

1

2J1(k1ro)

k
lro

is limited by

2. (k. r )

_11m 5 943 ,

1
1 2
klr

m
with the limits arranged in order of increasing klro' While this is a large change, it is also
unrealistic. In general the characteristics of the support wires, which determine 72 in Eq (6),

will be chosen so that klr0 will be no more than about 0.5, resulting in a lower limit of

2J (k. r )
__1.# = 0.97



Thus we find that the effect of varying T from zero to r, is

27 (k.r )

1 1m 5 997 .
kv
1m

1 2

While this is very satisfactory, it is still overly generous. In most cases r. will never be greater

than 0.3 ro. Then the lower limit is about 0.997 instead of 0, 97.

The foregoing makes it clear that the derivative method provides a sensitivity which is very
nearly constant. One must reexamine at this point the assumption that the energy is deposited in a
manner which is independent of azimuth, Without attempting to solve the more general problem
where ¢ = q(r, ¢), we can make an observation. If there is a g-dependence either by displacing the
deposition axis or by making the beam asymmetrical, then the result is to introduce Bessel func-
tions of order greater than zero into the series of Eq (5), These terms will also have time con-

stants short compared to 7., and hence will be removed by the derivative process., Experimentally,

1
the beam position was varied over a wide range (~ 30% of ro) with only small (~ 2%) variations in
sensitivity., Typically the alignment in an experiment is maintained to within 0, 05 roe Asymmetries

may become large for oblique incidence, however.

From Eqgs (12) and (15), one may now obtain an expression for Qo. The approximations
k
2J1( lrm)
k
1rm
and

Jo(klr)

=1
3 3
Tl Te) + I kyr)

are made, These are both good within a few tenths of a percent for typical cases. This gives

-t /27 t./T
(o]

9 1 d 1 du
Q, = mr_wpc [l+e e - . "
t=td
C. Data Analysis
td/T
Equation (16) indicates that one is to take the derivative at t = td’ calculate e and insert

these as factors into the equation, Several factors enter into the choice of td. Certainly it must

be large compared to Ty In addition, however, it might be chosen to minimize variations in
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(or errors in the value of) Ty By differentiating the Tl—dependent factors with respect to ] and

setting the derivative equal to zero, one finds that

-1
¢ —to/2~r1 -to/z-r1

= 2
td-ze 1+ e .

This criterion is not generally compatible with td > ‘r2, however. This problem was solved in the

following manner. The data were processed in real time by an on-line digital computer (see

d >> 72, and the computer produced a

least-squares linear fit on In g%) as a function of td. From this, the derivative could be calculated

sfz) with maximum precision, since all available data were used,

Section III)., The derivative was calculated continuously for t

at any given time (even at td

This procedure evolved during the course of the measurements reported here so that the precision
differs for the various results. In each set of results presented in Section V, the precision and

method of analysis are indicated.

D. Calibration

In order to calibrate any of the calorimeters, it was necessary to deposit energy in it at a
known rate, More specifically, it was very desirable that the same modulation period and the same
data reduction procedure be used as that employed in the electron energy deposition measurements.
This was accomplished by using ions of known energy and current from a separate accelerator,

Ions are very suitable for the following reasons.

1. At the energies used, 10 to 100 keV, the range is much less than the calorimeter

thickness. Thus none of the energy is transmitted through the back surface.
2, The backscatter is very small, and hence no correction for it is necessary.

3. Bremsstrahlung production is negligible, so there is no significant energy loss

from the foil by this process.

EB. Design Considerations

A number of factors influence the design of a calorimeter. In this part, the principal ones

will be discussed.

1. Foil Radius. As the radius is decreased, more energy is lost by electrons
scattered through large angles. The larger the space between elements (front
foils, calorimeter, "infinite' plate) the more serious this effect, If the radius
is too large, it may be too difficult to insure a planar orientation. Thus a

compromise is necessary.



Foil Thickness., This also requires a compromise. The thinner the foil, the
better the energy resolution. On the other hand, 7y is very dependent on foil

thickness., Equation (7) may be rewritten as

CwW
R ). A—

80'€T3 + wK k2
o 1 n

For 1‘1, the second term in the denominator may be made negligible, indicating

that 7, ¢ w. For T, the second term may be much more important, in which

1 2
case T, does not depend on w. Thus, the condition L >> T2 may not apply for

very thin foils,

Foil Material. A major advantage cited for the calorimetric method was the pos-
sibility that the sensor was of the same material as, or close in atomic number to,
that for which the deposition profile was to be obtained, Thus, one usually uses

the metal closest in Z to the material involved. One can still specify the properties
which are important, however. The thermal conductivity should be high. This

2 1'3, etc, while having very little influence on T The
thermal emissivity ¢ should be low, This permits a large value of T without

permits small values of T

affecting ‘r2, T3, etc. It is important that € remain constant. A small value of ¢
is important in minimizing the thermal feed-through problem, which will be dis-
cussed in the next subsection. Low density is also desirable, since this feature
leads to good energy resolution and high sensitivity., In general, Al, Cu, Ag, and

1

Au are "good" while Fe, Pt, Ta, and U are "poor." However, any of the so-called

"poor'' materials can be used satisfactorily for most purposes.

Support Wires. In addition to maintaining the foil in a rigid position, the support
wires provide heat-conducting paths and add to the thermal capacity. A more
detailed analysis has been per‘for-med31 with the result that the thermal capacity of
the foil should have half of the support wire thermal capacity added to it. However,
if the length of the wires becomes too great, then the correction is more compli-
cated. The condition that the simple correction applies is that the time constant of
the wires should be small compared to that of the foil, so that the temperature
along the wires should be a linear function of the length coordinate. In general,

the wire material and diameter may be chosen as a matter of convenience. Cu and
Ta have been used where large or small thermal conductance, respectively, was

desired.

Thermocouple. The thermocouple wires should have low thermal conductance and
low thermal capacity, This is equivalent to requiring the minimum reasonable wire
diameter. Chromel-Constantan has been found to be very satisfactory. It can be
obtained in small diameter (No, 40 wire size) and has good sensitivity, about

60 uV/°C. The mounting of the junctions is important. The reference junction
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should be imbedded in the support structure which holds the foil. Thus, if the
temperature of this structure changes, the reference junction temperature will also
change, tending to compensate for the effect. The active junction may be attached
to the foil either by spot-welding or by a vacuum epoxy. In the latter case, the
thermocouple can be electrically isolated, permitting the use of several thermo-
couples in series. The location of the active junction is particularly important,
Since each term of the series in Jo(knr) hasn-1zerosin0Osr < r_» one can
locate the junction in a position to suppress the nth term. For n = 1, the value

of Jo(klr) is nearly unity throughout the domain of r, so the location is not impor-
tant to this term, The usual practice has been to locate the junction at the edge,
r=r. However, for a material such as tantalum, it has been very helpful to
locate the junction near the zero of Jo(kzr). This is usually at about 0. 65 o
This results in a more rapid decay of the transient signal after beam switch, so
that a larger fraction of the data can be used in determining the linear least-

squares fit to 1In gltl— as a function of td.

6. Modulation Period, The choice of to is restricted by the time constants. Values

of t, > 7, are not beneficial because the derivative is too small, Further,
thermal drift becomes important at very large to. On the lower end, there may
not be enough time after the higher-order terms have decayed to acquire meaning-

ful data. In general, ts should be chosen to be a few times T Within this restric-

1°
tion the actual value is not critical,

F. The Thermal Coupling Problem

An important effect in the use of a thin foil calorimeter to measure energy deposition profiles
was the radiant transfer of energy between the calorimeter and the adjacent surfaces. In this case,
the thin foils in front of the calorimeter underwent the same periodic temperature changes because
the modulated electron beam heated them also. Since emissivity and absorptivity are closely

related, energy was transferred to the calorimeter at a rate proportional to
T3Au(t)
€T ,

where €, and ¢, are the emissivities of the two surfaces and Au(t) is the temperature difference

betweenlthe tw02. The factor involving the absolute temperature T0 is included since it offers an
obvious means of reducing the effect. Since this effect is also modulated with the period to’ it is
not directly distinguishable from energy deposition by electrons. Quite clearly the situation is bad
for (1) materials of high emissivity, or (2) foils of low areal density, For the homogeneous case,
i, e,, material under test and calorimeter of the same material, the effect goes as 52 so that there
is high premium on low emissivity, The lower the areal density, the greater the fraction of total
energy deposited which the thermal coupling represents. (The energy deposited by electrons is

proportional to areal density, while the thermal coupling is a surface effect.)



There are a number of ways of dealing with the problem. Reducing the average temperature
T has been noted. While this should be very effective, one would like to avoid the additional ex-
peorirnental complexity. Two other approaches have been used. In the first, a thin thermal shield
was placed between the calorimeter and adjacent surfaces. This was a foil of low emissivity, with
a sufficiently small areal density so that the perturbation produced on the energy deposition profile
was negligible. The thermally coupled signal transmitted through the shield from an adjacent foil
to the calorimeter was thus attenuated, having been effectively multiplied by sz (es is the emissivity
of the shield). For € aboil: 2x10 2, typical of bright aluminum, the unwanted signal was multi-
plied by a factor of 4 x 10 ~. This method was used in the normal incidence data for tantalum and
for the Ta/Al combination. In this case, the coupling effect was about 10% of the desired signal,
and the shield reduced it to a value well below the measurement limit. The second approach used
was that of removing the unwanted signal by data correction. The coupling coefficient was deter-
mined experimentally, and each datum corrected accordingly. In this case, the same thin foil was
always used adjacent to the calorimeter. The assumption was made that the energy deposition rate
in this foil was the same as that in the calorimeter so that a constant correction factor could be
used. This approach is limited to those cases where the effect is small, The correction is prob-
ably subject to about a 10% uncertainty so that in the case of a 20% correction an error of about
2% results. FEach of the two methods outlined here places additional requirements on the calibra-

tion procedure. These will be discussed in Section III

III. Apparatus and Procedures

The apparatus used to make the measurements has undergone a series of improvements over
the past several years, These improvements resulted from a desire to obtain the data with higher
accuracy, efficiency, and convenience, and not as a result of any fundamental change in the experi-
mental technique. Thus, only the latest version of the apparatus will be treated, However, in the
data section, earlier systems will be discussed where they bear on the data presented. The appara-
tus consists of a 1- MeV electron accelerator, a large vacuum chamber with a beam-measuring

Faraday cup, and an experimental package,

The electron accelerator delivers monoenergetic electron beams of up to 34 yA, The energy
range is from 0,025 to 1,2 MeV. Because of the design of the charging system, the voltage ripple
is less than 100 V at 1.0 MeV, A Sandia-designed voltage regulator has been incorporated which
provides regulation of #1 kV at 1,0 MeV. The beam energy has been measured by using a thick

beryllium calorimeter32 and is known to approximately 0. 1%.

The stainless-steel vacuum chamber is 1.22 m in diameter and contains a Faraday cup and
experiment mounting platform (see Figure IIl, 1). The Faraday cup which is in line with the beam
precedes the mounting platform and is equipped with a solenoid-actuated end plate. This door is
used to electromechanically modulate the beam which is measured by the cup during the "off" half-

cycle, Since the cup subtends only a very small solid angle for electrons backscattered from the



experimental package ilocated on the mounting platform), there is negligible probability of inter-
ference in the measurement of the deposited energy. The position of the mounting platform foll ow-
ing the Faraday cup is adjustable in the X, Y, Z, and 6 directions. This permits the experimental
package to be located on the beam axis and positioned at the axis of rotation of the platform. With
this arrangement, the experimental package can be rotated about the beam axis in order to vary
the angle of incidence, Note that with the separated in-line Faraday cup, the beam current mea-
surement is not affected by the position of the experimental package. The angular position of the
mounting platform is continuously adjustable from the control room and the angle of rotation is mea-
sured to 0, 1° with a shaft encoder. The beam axis is defined by the aperture located in front of the
Faraday cup and a similar aperture on a movable mount at the front edge of the platform. The
second aperture is moveable so that it can be used to locate the beam on axis and then be moved
from the beam path so that electron scattering from it and its mount does not affect the measure-

ment.
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Figure 1II.1, Faraday Cup and Experimental Mounting Platform

The experimental apparatus developed to make dose-depth profile measurements by using
a thin calorimeter is shown in Figure III, 2, The main components are the front foil, calorimeter

foil, "infinite' plate, thermocouple, and reference junction.

The front foil, which is positioned 0.1 e¢m in front of the calorimeter foil, consists of either
a single foil (see Figure III, 3) or a stack of two or more foils of the material in which the measure~
ment is being made. Because the thickness of the front foil is varied, the calorimeter foil measures
energy deposition as a function of depth in the material. Thus, in determining the depth at which
the dose is measured, one-half the calorimeter foil thickness is added to the thickness of the front
foil. The minimum measurable depth is obtained with no front foil present, so that the electron

beam strikes the calorimeter foil directly.
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When the electron beam is on, energy is deposited in the front foil and the foil heats up.
To keep this to a minimum, the front foil is clamped, on four sides, to a foil holder (see
Figure III. 3) of sufficient mass to act as a heat sink, However, thermai coupling to the calorim-
eter from adjacent foils has been observed with material having high thermal emissivity and low
thermal conductivity. It was noted in the preceding section that two methods have been used suc-
cessfully to make measurements when thermal coupling was a problem. In the first method used
when thermal coupling is small, a thin foil of the same material as that of the calorimeter is
positioned adjacent to the calorimeter for all measurements except the minimal depth measurement
for which there is no front foil, The energy 'feed through' from this foil was determined with the
aid of an ion beam (see calibration). The ion beam was allowed to impinge on this front foil and
the galorimeter output was measured. Thus, the energy "feed through' was determined for a
known rate of energy input into the adjacent foil, Each point on the deposition curves was then
corrected to account for the thermal transfer to or from the calorimeter as indicated by this mea-
surement. The correction using this method was 3% or less. When thermal coupling was large,
very thin aluminum (2.3 x 10.4 g/cmz) heat shields were placed on either side of the calorimeter

to obtain thermal isolation,

The calorimeter was made of a thin foil of the material under investigation. The shape and
mounting of the calorimeter foil is shown in Figure III. 4. The foil thickness and support wires

were chosen to obtain a reasonable value of the first time constant 7., as discussed in the previous

section. The temperature of the calorimeter foil was measured Wi’cl’il a thermocouple. The choice

of the thermocouple wires is treated in the previous section. Number 40 wire size Chromel-
Constantan thermocouple was used with the junction located at 2.3 ¢m from the center of the calorim-
eter foil, and the reference junction was located in the mounting ring heat sink (see Figure IIL 4).

The calorimeter foil is held by its support wires 0.1 ¢m in front of the "infinite" plate.
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Figure II1. 4, Calorimeter Foil



The "infinite" plate was a 7.62-cm-~diameter disc of the same material as the front foils and
calorimeter. It is called an "infinite' plate because its thickness exceeds the range of the most

energetic electrons utilized.

The front foil, calorimeter foil, and "infinite' plate were mounted to a base plate but electri-
cally insulated from it. Fach element was connected to a hermetically sealed BNC connector
mounted in the base plate. This allowed the elements to be externally connected to measure total
electron current or currents to individual components. The base plate was compatible with the
mounting platform in the vacuum chamber and the vacuum chamber on the heavy-ion accelerator
used for calibration. This arrangement allowed the experimental apparatus to be moved from the
electron accelerator to the heavy-ion accelerator without disturbing any of the internal electrical

connections.,

Calibration of the calorimeter foil was accomplished by means of a heavy-ion accelerator.
Since the range of kiloelectronvolt heavy ions is much less than the thickness of any of the calorim-
eters and the reflection coefficient is very small, the energy deposited in the calorimeter foil was
obtained from the product of the incident beam current times the accelerating potential, The beam
current measurement was made by using a Faraday-cup shield (FCS) attached to the experimental
apparatus (Figure III, 3). The FCS satisfied the requirement for a deep Faraday cup, insuring that
the escape of secondary electrons ejected from the calorimeter foil by impact of the heavy ion was
negligible. The accelerating potential was measured with a calibrated voltage divider and cor-
rected for ion source potentials and is known to *1%, In the calibration, the incident ion beam was
modulated to produce a symmetric square wave having the same period used with the electron
measurements, Thus, the response of the calorimeter was determined for a well-defined rate of
energy input, and the system was calibrated. For materials which had small thermal coupling be-
tween the front foils and the calorimeter, an additional measurement was necessary with the ion
beam incident on a thin foil positioned adjacent to the calorimeter as discussed earlier. For ma-
terials which had large thermal coupling, thus requiring aluminum heat shields, the calibration
was accomplished as follows: First, using the heavy-ion accelerator, the calorimeter was cali-
brated without the front heat shield, and a calibration constant was determined. Then a second
calibration constant was obtained with a thin aluminum foil in front which had a small hole to allow
the ion beam to reach the calorimeter, Thus, two different constants were obtained. It was neces-
sary to demonstrate that the hole in the shield did not affect the calibration since, for electron
deposition, the shield would not have this hole. This was accomplished by measuring the electron
energy deposition at the surface of the material without a shield and again with a complete no-hole
heat shield. Using the first calibration constant for the no-shield case and the calibration constant
obtained for an incomplete shield (with hole) for the second, agreement to within the accuracy of the
measurement was obtained for all electron energies., Therefore, we conclude that the hole in the
shield does not significantly affect the calibration constant. In one case only, that of carbon, an
indirect calibration was obtained. The carbon calorimeter was loosely enclosed in a very thin
aluminum shroud which served as a heat shield., The contact between the carbon and the aluminum

was sufficiently poor so that negligible conduction occurred. However, this shroud could not be



easily removed to calibrate as described above., Instead a total-stopping carbon calorimeter re-
quiring no shields was constructed and calibrated by the first procedure, It was then used to mea-
sure total electron energy deposition, The Al-shrouded carbon calorimeter was used to measure
the relative electron energy deposition in carbon. The energy deposited was integrated over the
electron range and normalized to the value obtained with the total-stopping calorimeter. The cali-

bration factor thus obtained was used in all subsequent measurements with this calorimeter,

The data were collected and processed by an on-line computer. A block diagram of this
system is shown in Figure III, 5. All measuring instruments used in the calibration are the same
as those used to obtain the experimental data. The beam modulation period to was selected to
satisfy the requirement that t, should be a few times the first time constant 7y of the calorimeter,
Several cycles were examined hy the computer., The rate of change of the thermocouple voltage
with time (t3), normalized to the beam current (iB), was calculated continuously for times much
greater than Ty, and the computer produced a linear least~squares fit of In (-Hl?’- g%l-) as a function
of td' From this, the derivative could be calculated at any given time with maximum precision,
since all available data were used. In practice, the derivative was calculated at td = 0 (the intercept)

and this was corrected for variation in the first time constant T, as indicated by Eq (16) of the pre-

vious section, Thus a quantity S is defined as

_to/ZTl
S = Intercept {1 + e .
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IV. Theoretical Profiles

All theoretical electron energy deposition profiles were obtained by using the one-dimensional
coupled electron/photon Monte Carlo transport code, TIGER.26 The TIGER code describes the
generation and transport of the electron/photon cascade in multislab geometries from several
megaelectronvolts down to 1.0 keV for electrons and to 10.0 keV for photons. It combines
condensed-history electron Monte Car1024 with conventional single-scattering photon Monte Carlo.
The electron transport includes energy-loss straggling, elastic scattering, and the production of
knock-on electrons, continuous Bremsstrahlung radiation, characteristic x-rays, and annihilation
radiation. Photon transport includes the photoelectric, Compton, and pair-production interactions
along with the production of the corresponding secondary particles. Electron cross sections and
sampling distributions are obtained from DATAPAC-4 and LIBRARY TAPE 2 of the ETRAN Monte
Carlo code sysi:em.33 Photon cross sections are the analytical fits of Biggs and Lighthill.34 The
method is more accurate at higher energies, with less rigorous description of the particle cascade
at energies where the atomic shell structure of the transport media becomes important, The only
shell effects considered are ionization of, fluorescence of, and Auger emission from the K-shell

of the highest-atomic~-number element in each material,

A1l theoretical profiles are based upon at least 5, 000 primary electron histories and an electron
cutoff energy that is, at most, 5% of the source electron kinetic energy. Upon reaching cutoff, an
electron is transported a final spatial increment equal to its residual practical range, and its energy
is deposited at a random position along this increment. Subzoning within a material layer was
chosen to yield spatial resolution commensurate with available experimental resolution and/or the
expected degree of spatial variation. Under the foregoing conditions, the best estimates of the sta-
tigtical standard errors of the theoretical data plotted and tabulated in the following section are
generally less than 5%, except for those results corresponding to depths where the predictions are

well below the surface deposition.

V. Results

Absolute electron energy deposition profiles have been measured for eight semi-infinite
homogenous media and seven semi-infinite multilayer configurations, Measurements were made
as a function of energy and angle of incidence. The energy range was from 0.05 to 1.0 MeV.
The incident angles studied were 0°, 30°, and 60°, These measurements are compared with the
predictions of the electron-photon Monte Carlo transport code, TIGER. 26 The results are pre-
sented graphically and tabulated in subsections V. A through V. O at the end of this section. In

each section, variations in the experimental system which affect the data are listed.

In all cases, a square-wave modulated beam was employed and the time derivative of the

thermocouple signal was examined to obtain the energy deposition. Historically three different



methods were used to analyze the data, The first method (A) obtained the time derivative from a
small sample of the data in each half cycle, In the second method (B), the derivative was calcu-
jated continuously for times greater than the second time constant (see Section II), and the comput-
er produced a least-squares linear fit of the natural log of the derivative as a function of time for
each half cycle. From this, the derivative was calculated at the desired time with maximum pre-
cision since all available data were used, The third method (C) obtained the data as in the second
method (B), but in this case the derivative was calculated at zero time (the intercept), and this

was corrected for variation in the first time constant (see Section III),

The energy deposition is shown as a function of depth expressed as a fraction of the continu-
ous slowing-down approximation range (fraction of a mean range, FMR). The values of the FMR
used correspond to the thickness of the front foils plus one-half the thickness of the calorimeter em-
ployed. In those cases where aluminum shields were used for thermal isolation of the calorimeter,
the FMR of the front shield is included. The thickness of the front foils, shields, and calorimeters,
in units of grams per centimeter squared, were determined from the ratio of the measured mass
and area. The mass was measured with a balance to +0,0002 g and the area was determined by

averaging several measurements of the length and width to :t10—3cm2.

As discussed in Sections II and III, thermal coupling to the calorimeter from adjacent foils
was observed for some materials. To correct this situation, two different methods were used.
In the first method (A) a correction term was determined for thermal coupling from a fixed thin
foil of the same material as the calorimeter and placed immediately in front of it. The second
method (B) used very thin aluminum (2,3 x 10_4 g/cmz) heat shields to thermally isolate the

calorimeter, The front heat shield is included in the calculated FMR as noted above,

When energy deposition profiles were measured for incident angles other than 0°, two meth-
ods of setting and determining the angle were employed. At first (A) the angle was set by physically
rotating the experimental package and reading the angle from a scale and vernier located on the
shaft. Since the radiation cell had to be entered to change angles, the data were taken with the
angle set to one side of 0° only. This meant that if there was a small uncertainty in 0° which
would not affect the normal incidence data, this uncertainty would be added to the angle determina-
tion. The angle was read to +£0.5°% and we estimate the uncertainty in 0° to be £0.5°. To correct
this problem, a new system (B) was installed. The angular position of the experimental package
was made continuously adjustable from the control room by means of an electric drive motor, and
the angle of rotation was measured to 0, 1° with a shaft >ncoder. With this arrangement, all angu-
lar measurements were obtained from the average of two determinations made with the package set
at the desired angle on either side of 0°, Thus, a small uncertainty in 0° would be essentially re-

moved by this method.

A high-precision calorimetric system was developed for determining beam energy.32 Prior
to this development, the electron energy was calibrated by comparing pulses produced in a solid

ion chamber by electrons from thin conversion sources with those produced by electrons from the



accelerator. The energy determined by this system was found to be a few percent high (i.e., 1.033,
0.521, 0,314, 0,109, and 0.058 MeV), Thus, measurements in Be, Al, Ta with Al shields, and
the Ta/Al multi-layer were made with electrons of higher than nominal energy. For these results,
the data are plotted at an FMR adjusted for the actual beam energy. Thus, a universal curve is
obtained for comparison with the theoretical results at the nominal energies of 1.0, 0.5, 0.3, 0.1,

and 0,05 MeV.

Thermophysical constants for each material were used in designing the different calorimeters.
However, since the calorimeters were all calibrated by using a heavy ion accelerator as discussed
in Section III, the constants do not enter in any of the data analysis and will not be made a part of

this report.

In all of the data figures, the theoretical results appear as histograms and the experimental
results as circles. On all plots the thickness of the calorimeter used is listed in units of grams
per centimeter squared, and a horizontal bar is drawn which represents the FMR associated with

the full calorimeter thickness.

For each material and multilayered configuration presented, a list is given which identifies
the analysis method, angle determination method, and thermal coupling correction method, This
identification (A, B, or C) refers to the descriptions above. In each of the tables of data for the
theoretical profiles we have indicated the depth beyond which the estimated one-sigma statistical
uncertainty exceeds some specified percent, as well as the estimated one-sigma statistical uncer-
tainty in the predicted total deposition. These uncertainties are given to the nearest 0, 5% so that

an estimated value of less than 0. 5% is shown as 0%.

For each experimental profile in a homogeneous material, the total energy deposited has
been determined and is presented in the tables, Smooth curves were drawn as average data curves,
and the integration was preformed by constructing a histogram with an increment of one calorimeter
thickness and summing the area25 under the histogram. In all cases, the statistical uncertainty in
the determination of the total energy deposited is less than 0.25%; and thus, no uncertainty is listed

with the total deposition presented in the tables.

The uncertainty in the experimental data has been determined by taking the square root of the
sum of the squares of the uncertainties for the individual terms. The energy deposition is deter-
mined from a product of the calibration constant and the normalized signal from electron energy de-
position. The precision of the signal is approximately 0. 5% for all material used. The calibration
constant requires that we determine the ion accelerator voltage, calorimeter areal density, and
the normalized signal from ion energy deposition., The accelerator voltage is known to 1%, and
the calorimeter areal density is known to better than 0,1%. The precision of the ion energy deposi-
tion signal varied from 0. 5% to 2% depending on the material under study. This small variation is

reflected in the estimated uncertainty listed in each data table,






A, Electron Energy Deposition in Beryllium

*
Energies (MeV): 1,033, 0.521, 0.314, 0,109, and 0,058

Angles (°): 0
Analysis Method: B
Angle Determination Method: N/A
Thermal Coupling Correction Method: A

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cmz)
1.033 5.54 x 107"
0.521 2.24 x 1071
0.314 1.07x 107!
0.109 1.89 x 1072
0.058 6.04x 107>

s
Data plotted at nominal energy after adjusting FMR as discussed in introduction of this
section.
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Table V. A.1

Electron Energy Deposition in Berylliuml' 23

1.022 MeV

Experimental Results Theoretical Results
1,033 MeV, 0° 1.0 Mev, 0°
FMR J FMR J FMR J
0.004 1.38 0.02 1,44 0. 56 2.69
0,025 1.49 0.04 1.45 0.58 2.62
0.049 1.55 0.06 1.53 0.60 2,66
0.069 1.65 0.08 1.57 0.62 2.52
0.089 1.64 0.10 1.54 0.64 2.51
0.109 1.70 0,12 1.63 0.66 2.46
0.128 1,74 0.14 1,66 0.68 2.28
0.150 1,83 0.16 1.74 0.70 2,21
0.174 1.83 0.18 1.75 0.72 2,14
0.213 1.99 0.20 1.82 0.74 1.98
0. 257 2.10 0.22 1,93 0.76 1.79
0.298 2,24 0.24 1.97 0.78 1.70
0.328 2,23 0.26 2.03 0. 80 1.50
0. 345 2,37 0.28 2.15 0.82 1,31
0.353 2,38 0.30 2.26 0. 84 1.16
0.413 2.51 0.32 2,28 0,86 0.95
0.492 2.61 0.34 2.35 0. 88* 0. 83
0.499 2.61 0. 36 2.36 0.90 0.67
0.575 2.49 0.38 2.41 0.92 0.50
0.648 2.25 0. 40 2,52 0.94 0. 34
0,733 1.79 0,42 2.56 0.96 0. 26
0.822 1,17 0. 44 2.63 0.98 0.18
0,907 0. 54 0. 46 2.69 1. 00 0.12
0.968 0.18 0.48 2.71 1.02 0.07
1,059 0.05 0. 50 2.69 1.04 0.03
0.52 2.78 1. 06 0.02
Total Deposition = 0. 54 2.77 1,08 0.01

Total Deposition = 0,995 MeV 0%

1. FMR is fraction of a mean range.

2. J is energy deposited in MeV/g/cm®,

3. Estimated experimental uncertainty is 1.6%.
*

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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1.
Electron Energy Deposition in Beryllium

Experimental Results
0.521 MeV, 0°

FMR

0.011
0, 061
0,120
0.170
0.219
0,268
0,316
0, 369
0,431
0.471
0.525
0.634
0.736
0, 811
0.853
0.872
1.019

J

1.67
1.87
2,03
2.22
2.45
2,73
2.85
3,09
3.19
3.32
3.24
2.98
2.26
1. 80
1,32
1.07
0.14

Total Deposition =

0.520 MeV

Table V, A.2

Theoretical Results

0.5 MeV, 0°

FMR g FMR T
0.04 1,64 0.60 3.39
0.08 1,80 0,64 3.21
0,12 1.91 0.68 3.00
0.16 2,04 0,72 2.69
0,20 2,20 0.76 2,36
0,24 2,39 0. 80 1.96
0,28 2,60 0, 84 1.53
0,32 2.78 0,88 1.10
0. 36 3.02 0.92 0.69
0, 40 3.17 0. 96 0, 40
0.44 3,37 1,00 0,19
0,48 3.40 1.04 0.08
0.52 3.39 1.08 0,02
0. 56 3. 40

Total Deposition = 0,497 MeV 0%

1. FMR is fraction of a mean range,
2. Jis energy deposited in MeV/g/cm®,
3

. Estimated experimental uncertainty is 1.6%.

VF]stimated one-sigma statistical uncertaintv exceeds 3% at larcer FMR.
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Electron Energy Deposition in Beryllium

Experimental Results
0,314 MeV, 0°

FMR

0,022
0,128
0, 251
0,355
0.459
0.563
0.662
0,773
0,901
0.985

Total Deposition =

0,312 MeV

2.01
2.52
3.15
3.78
4.10
4.18
3.65
2.66
1.09
0.26

Table V. A.3

Theoretical Results

0.3 MeV, 0°

FMR 3 FMR J
0.048 2,04 0.571 4.35
0.095 2.19 0.619 4.14
0.143 2. 44 0.666 3.91
0.190 2.69 0.714 3.49
0.238 2. 97 0. 761 2.96
0.286 3.29 0. 809 2,37
0.333 3.61 0. 857 1.74
0. 381 3.92 0.904 1.13
0.428 4.14 0. 952 0.62
0.476 4.35 0.999 0.26
0.523 4.38

Total Deposition = 0, 298 MeV £0%

. FMR is fraction of a mean range,
J is energy deposited in MeV/g/cm”.

1
2.
3. Estimated experimental uncertainty is 1.6%.
*

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Table V. A.4

Electron Energy Deposition in Berylliuml’ 2.3

Experimental Results Theoretical Results
0,109 MeV, 0° 0.1 MevV, 0°
FMR _J FMR J FMR J
0.127 4,59 0,047 3.69 0.609 8. 42
0.353 6.98 0.094 4,04 0.656 7.77
0,499 7.87 0.141 4,44 0,703 7.07
0.608 7.50 0,187 5,08 0. 750 6.18
0.726 5,74 0.234 5.69 0.797 5. 09
0. 819 4.51 0.281 6.50 0. 844 3.84
0.973 1.86 0.328 6.90 0, 891* 2. 56
1.083 0.76 0,375 7.55 0.937 1.51
0,422 7.78 0.984 0. 80
gffg; Jif:‘?smm - 0.469 8. 53 1.031 0.37
0.516 8.94 1.078 0.12
0.562 9.10 1.125 0.04

Total Deposition
0.0991 MeV #0%

1. FMR is fraction of a mean range.
2. Jis energy deposited in MeV/g/cm”™,
3. Estimated experimental uncertainty is 1.6%.

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Electron Energy Deposition in Beryllium

Experimental Results
0.058 MeV, 0°

FMR J
0.3986 10,023
1.104 2.99

Table V. A.5

1, 2,3

Theoretical Results
0.05 MeV, 0°

FMR

0,093
0.187
0.280
0,374
0.467
0.561

Total Deposition = 0, 0494 MeV +0%

1. FMR is fraction of a mean range.

2. J is energy deposited in MeV/g/cm".
3

s

. Estimated experimental uncertainty is 1.6%.

’ Estimated one-sigma statistical uncertainty exceeds 3% for larger FMR,

I FMR J
6. 32 0. 654 13.6

7. 90 0. 748 11.3

9.79 0.841% 7.30
11.8 0.935 3.78
13.6 1.028 1.18
14.4 1.122 0.24






Electron Energy Deposition in Carbon

Energies (MeV): 1.0
Angles (°): 0
Analysis Method: C
Angle Determination Method: N/A

Thermal Coupling Correction Method: B

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cm?)

1.0 4,89 x 10

1
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Electron Energy Deposition in Carbon

Experimental Results

1.0 MevV, 0°
FMR T
0,016 1.66
0.107 2.09
0,198 2.50
0.289 2,89
0.378 3.03
0,472 2,98
0.568 2,64
0.673 1,97
0,781 1.21
0,883 0.49

Table V. B.1

1,2,3

Theoretical Results

1.0 MeV, 0°

FMR 3 FMR J

0.032 1.65 0. 543 3.02
0.064 1.77 0.575 2.84
0.096 1.92 0. 607 2.59
0.128 2.11 0.639 2.40
0.160 2.17 0.671 2,22
0.192 2.33 0.703 1.92
0.224 2. 54 0.735 1.67
0.256 2.69 0.767 1.49
0. 287 2.79 0.799 1.14
0.319 2.99 0. 830% 0.82
0.351 3.01 0. 862 0.58
0.383 3.22 0. 894 0.40
0.415 3,22 0.926 0.25
0.447 3.09 0.958 0.11
0.479 3.12 0.990 0.06
0.511 3.04 1.022 0.03

Total Deposition = 0,987 MeV 0%

1. FMR is fraction of a mean range.

2. Jis energy deposited in MeV/g/cm”,

3. Estimated experimental uncertainty is 2.0%.

>'{Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR,






Electron Energy Deposition in Aluminum

Energies (MeV):;S 1.033, 0,521, 0,314, 0.109, and 0,058

Angles (°); 0 and 60
Analysis Method: A
Angle Determination Method: A

Thermal Coupling Correction Method: None required

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cmz)
1.033 5,69 x 1071
0.521 2.34 x 10771
0,314 1.13x 107}
0.109 2.03 x 1072
0.058 6.63x107°

3
Data plotted at nominal energy after adjusting FMR as discussed in introduction
of this section,
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Table V. C.1

1' »
Electron Energy Deposition in Aluminum 2.3

Experimental Results Theoretical Results
1,033 MeV, 0° 1.0 MeV, 0°

FMR J FMR J FMR J
0.0045 1.63 0.02 1,79 0.50 2,17
0.0165 1.87 0.04 1.96 0,52 2.12
0.0317 2.01 0.06 2.18 0. 54 1.85
0.0448 2.12 0.08 2.33 0.56 1.70
0. 0591 2.28 0.10 2.50 0.58 1.58
0.0707 2,37 0.12 2.74 0.60 1,43
0.0836 2.45 0.14 2.83 0.62 1.28
0.0987 2,64 0.16 3.10 0.64 1.18
0.115 2.73 0.18 3.18 0,66 1,02
0.127 2.90 0.20 3.35 0.68= 0. 84
0.142 2.98 0,22 3.40 0.70 0.67
0.174 3.17 0.24 3.42 0.72 0.56
0.195 3.22 0. 26 3.36 0,74 0. 47
0.221 3.28 0.28 3.39 0,76 0.35
0.253 3.28 0.30 3.41 0.78 0.26
0. 280 3.25 0,32 3.40 0. 80 0.19
0.320 3.11 0.34 3.38 0, 82 0.17
0,373 2.87 0. 36 3.12 0.84 0.10
0,391 2.76 0.38 2,96 0.86 0.07
0. 431 2,52 0. 40 2,89 0.88 0.06
0,443 2,43 0.42 2.68 0.90 0.03
0.511 1.93 0.44 2.52 0.92 0.02
0.552 1.63 0. 46 2,43 0.94 0.01
0.621 1.09 0.48 2.25
0,736 0,42
0. 846 0.08 Total Deposition = 0. 954 MeV 0%
Total Deposition =
0.970 MeV
1. FMR is fraction of a mean range.
2. Jis energy deposited in MeV/g/cm2,
3. Estimated experimental uncertainty is 1.4%.

+*

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Experimental Results

Electron Energy Deposition in Aluminum

1,033 MeV, 60°

FMR

0.005
0,007
0,007
0.009
0.013
0.024
0,032
0. 045
0,084
0.115
0.174
0.253
0.391
0.621

J

4,16
4.44
4.47
4,57
4,67
4,90
4,75
4, 44
3.76
3.36
2.179
2.30
1.54
0.38

Total Deposition =

0. 759 MeV

Table V. C.2

1,2,3

Theoretical Results
1.0 MeV, 60°

FMR J

0.01 4.12
0.02 4.82
0.03 5.28
0.04 5.24
0.05 4.97
0.06 4.58
0.07 4,36
0.08 4.08
0.09 4.06
0.10 3.88
0.12 3.68
0.14 3.35
0.16 3.14
0.18 3.03
0.20 2.95
0.22 2.70
0.24 2.55
0.26 2,34
0.28 2.25
0.30 2.23
0.32 2.10
0,34 1.99
0. 36 1,79
0,38 1,74

Total Deposition = 0.785 MeV %1%

. FMR is fraction of a mean range.

. Estimated experimental uncertainty is 1.4%.

1
2. Jis energy deposited in MeV/g/cm
3
3

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.

FMR J

0. 40 1.54
0.42 1.41
0. 44% 1.31
0.46 1.20
0.48 1.06
0.50 0.96
0.52 0.92
0. 54 0.79
0.56 0. 69
0.58 0.59
0.60 0.48
0.62 0.44
0.64 0.31
0.66 0.27
0.68 0.22
0.70 0.18
0.72 0.14
0.74 0.10
0.76 0.07
0.78 0.04
0,80 0.02
0.82 0.02
0. 84 0.02
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Electron Energy Deposition in Aluminum

Experimental Results
0.521 MeV, 0°

FMR J

0.0108 2.11
0.0403 2,58
0.0771 3.07
0.109 3. 40
0.143 3.81
0,173 3.90
0.203 4,05
0,242 4,08
0.279 3.91
0.308 3.87
0. 345 3.66
0.424 3.07
0,475 2.62
0.538 2.10
0.615 1,34
0.682 0.81
0,780 0. 30
0.908 0,04
0.953 0.00

Total Deposition =
0.479 MeV

Table V. C. 3

1,2,3

Theoretical Results

0.5 MeV, 0°

FMR J FMR J
0.02 2.08 0.50 2.58
0,04 2,43 0.52 2.30
0.06 2.63 0.54 2,17
0.08 2.93 0.56 1.97
0.10 3.27 0.58 1.73
0.12 3.47 0.60 1.63
0.14 3.73 0.62 1.43
0.16 4,10 0.64 1.20
0.18 4,07 0. 66 1.04
0.20 3.99 0.68x* 0. 86
0,22 4,20 0,70 0.80
0.24 4,28 0,72 0.64
0.26 4,30 0.74 0.52
0,28 4.09 0.76 0. 40
0. 30 3.91 0.78 0.30
0.32 4.07 0. 80 0.20
0.34 3.94 0.82 0.15
0. 36 3.71 0.84 0.11
0.38 3.59 0. 86 0.06
0.40 3. 47 0.88 0.05
0,42 3.45 0.90 0.03
0.44 3.25 0.92 0,01
0.46 3.03 0.94 0.01
0.48 2.79

Total Deposition = 0,471 MeV +0%

FMR is fraction of a mean range.

Estimated experimental uncertainty is 1.4%.

1.
2. Jis energy deposited in MeV/g/cm".
3.

" Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Electron Energy Deposition in Aluminum

Experimental Results
0.521 MeV, 60°

FMR

0,011
0,016
0,018
0.023
0.032
0. 059
0,077
0.109
0.203
0.279
0,424
0.615
0,953
1.520

J

5.28
5.70
5.71
5.72
5.41
5.03
4.54
4,07
3.18
2.176
1.69
0.48
0.0

0.0

Total Deposition =

0.391 MeV

Table V., C.4

1,2,3

Theoretical Results
0.5 MeV, 60°

FMR

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0,08
0,09
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24
0.26
0.28
0.30
0.32
0.34
0.36
0.38

Total Deposition = 0.382 MeV +1%

FMR is fraction of a mean range,

J

4.81
5.89
6.04
5.95
5.59
5.22
5.15
4.80
4.87
4.62
4,23
3.92
3.80
3.66
3,42
3.16
3.12
2.95
2. 90
2.61
2.43
2.40
2.20
2,04

. Estimated experimental uncertainty is 1.4%.

1.
2. J is energy deposited in MeV/g/cm".
3
*

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR,

FMR J

0. 40 2.01
0,42 1.94
0,44 1.70
0.46 1.55
0.48 1. 39
0, 50% 1.14
0.52 1.08
0. 54 1. 01
0. 56 0.80
0,58 0,76
0.60 0. 55
0,62 0.45
0,64 0,39
0.66 0.30
0.68 0. 20
0,70 0.23
0,72 0.18
0,74 0,12
0.76 0.07
0,78 0,03
0. 80 0.04
0. 82 0,04
0. 84 0.03
0. 86 0,01
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Electron Energy Deposition in Aluminum

Experimental Results
0.314 MeV, 0°

FMR

0,0224
0.0831
0,160
0,226
0. 297
0. 357
0,422
0. 501
0.579
0.638
0,717
0,879

J

2. 82
3,91
4.67
4.92
4.90
4.40
3.77
3.08
2.00
1.54
0.76
0.08

Total Deposition =

0.285 MeV

Table V., C.5

Theoretical Results

0.3 MeV, 0°
FMR _J FMR J
0. 04 2.74 0. 56 2.57
0.08 3.43 0. 60 2.16
0.12 4.00 0. 64 1.54
0.16 4,77 0. 68 1.12
0.20 5. 24 0.72 0.72
0.24 5.34 0.76 0.50
0.28 5. 20 0. 80 0.32
0.32 5. 23 0.84 0.17
0.36 4.94 0. 88 0.11
0. 40 4,41 0. 92 0. 04
0.44 3. 96 0. 96 0.01
0.48 3.54 1.00 0.01
0. 52 3.06

Total Deposition = 0, 280 MeV +0%

1. FMR is fraction of a mean range,
2. Jis energy deposited in MeV/g/cm®,
3

. Estimated experimental uncertainty is 1,4%.

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Experimental Results

Electron Energy Deposition in Aluminum1

0.314 MeV, 60°

FMR

0.022
0.033
0,037
0. 047
0,066
0,121
0,160
0.226
0.422
0.579
0.879

J

6.45
6.56
6.63
6.35
6.05
4,94
4.43
3.88
2.13
0.95
0,03

Total Deposition =

0.230 MeV

Table V, C.6

Theoretical Results
0.3 MeV, 60°

FMR

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.12
0.14°
0.16
0.18
0.20
0.24

Total Deposition = 0,228 MeV x1%

1. FMR is fraction of a mean range.
2. J is energy deposited in MeV/g/cm”™,

3. Estimated experimental uncertainty is 1.4%.

“Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.

J

5.70
7.10
7.38
6.95
6.48
6.14
6.08
5.59
5.64
5.22
5.33
4,86
4.77
4,34
4,19
3.95

FMR J

0,28 3.61
0,32 3.28
0. 36 3.15
0. 40 2.75
0, 44%* 2,22
0.48 1,78
0.52 1.50
0.56 1.20
0.60 0. 85
0,64 0.56
0.68 0,35
0.72 0.22
0.76 0.11
0. 80 0,06
0.84 0.03
0.88 0.01
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Table V, C, 7

Electron Energy Deposition in Aluminuml' 2,3

Experimental Results Theoretical Results
OO OO
0.109.MeV 0,058 MeV 0.1 MeV 0,05 MeV
J J J J
7.78 9. 65 8.18% 9.12%

1. Measured and calculated energy deposited in a calorimeter thickness (5.05 x
10-3 g/cmz) of aluminum followed by an infinite thickness of aluminum,

2. Jis energy deposited in MeV/g/cm?=.

3. Estimated experimental uncertainty is 1,4%.

>

“Estimated one-sigma statistical uncertainty is 1%.



Electron Energy Deposition in Iron

Energies (MeV):

Angles (°):

Analysis Method:

Angle Determination Method:

Thermal Coupling Correction Method:

Continuous Slowing Down Approximation Range

Energy
(MeV)

1.0, 0.5, and 0.3

0
C

N/A

None required

Rang

(g/cm”)
1

1
1

6,06 x 10~
2.49 x 10~
1.21 x 10
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Electron Energy Deposition in Iron1

Experimental Results

1.0 MeV, 0°
FMR J
0.016 2.12
0.048 2.78
0.078 3.12
0.111 3.37
0.142 3.50
0.174 3.41
0.186 3.32
0.218 3.14
0.248 2.90
0.312 2.43
0.388 1.79
0.451 1.30
0.526 0.77
0.588 0.42
0.652 0.19

Total Deposition =

0,804 MeV

Table V., D.1

Theoretical Results

1.0 Mev, 0°
FMR J_ FMR J
0.02 1.96 0. 42+ 1.74
0.04 2.50 0.44 1.53
0.06 2. 84 0.46 1.36
0.08 3.29 0.48 1.30
0.10 3.56 0. 50 1.09
0.12 3.74 0. 52 0. 96
0.14 3.87 0. 54 0.78
0.16 3. 80 0. 56 0.62
0.18 3.67 0.58 0.52
0.20 3.58 0.60 0.42
0.22 3.55 0.62 0.34
0.24 3.34 0.64 0.31
0.26 3.14 0.66 0.20
0. 28 2. 99 0.68 0.16
0. 30 2.92 0.70 0.11
0.32 2.72 0.72 0.08
0.34 2.53 0.74 0.04
0.36 2.41 0.76 0.03
0.38 2.28 0.78 0.04
0. 40 2,05 0. 80 0.01

Total Deposition = 0,879 MeV +2-1/2%

1. FMR is fraction of a mean range.
2. J is energy deposited in MeV/g/cmz.
3

. Estimated experimental uncertainty is 1.2%.
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Electron Energy Deposition in Iron1

Experimental Results

0.5 MeV, 0°
FMR T
0.039 2,99
0.118 4,08
0.191 3.99
0,270 3.37
0. 345 2,68
0,424 1.78
0.531 0.97
0,603 0. 54
0,687 0,21

Total Deposition =

0,404 MeV

Table V., D. 2

Theoretical Results

0.5 MeV, 0°
EMR 1 FME  J
0,02 2.43 0. 42 2,15
0.04 3.11 0, 44 1.91
0. 06 3.48 0. 46 1.68
0,08 3.99 0,48 1.41
0.10 4,33 0. 50 1,13
0.12 4.55 0,52 0,98
0.14 4.54 0, 54 0, 84
0.16 4,70 0, 56 0.68
0.18 4,50 0.58 0, 54
0.20 4,33 0.60 0.39
0,22 4,14 0.62 0,34
0.24 3.91 0.64 0.27
0,26 3.83 0. 66 0. 22
0.28 3.66 0.68 0,17
0,30 3.44 0,70 0.13
0.32 3.23 0.72 0.08
0,34 2.92 0.74 0.05
0,36 2.76 0.76 0,03
0. 38 2.41 0,78 0,03
0. 40 2,31 0. 80 0.01

Total Deposition = 0,427 MeV 0%

1. FMR is fraction of a mean range.
2. J is energy deposited in MeV/g/em".
3

. Estimated experimental uncertainty is 1.2%.

" Taetimated nne-—gioma statiatical nneertaintv exceeds 3% at larser FMR.
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Electron Energy Deposition in Iron1

Experimental Results

0.3 MeV, 0°
FMR J
0,081 4.43
0,244 4,34
0.395 2.66
0.558 0,95
0,714 0.19

Total Deposition =

0.242 MeV

Table V., D, 3

Theoretical Results

0.3 MeV, 0°

FMR J FMR J

0,02 2,87 0,42 2.45
0.04 3.84 0.44 2.23
0.06 4,57 0, 46 1,82
0.08 5. 07 0.48 1.57
0.10 5.29 0. 50 1.33
0.12 5.62 0.52 1,17
0.14 5.79 0.54 1,00
0,16 5.69 0. 56 0.77
0.18 5,52 0.58 0.62
0.20 5.585 0.60 0,51
0.22 5,33 0.62 0.41
0.24 4.98 0. 64 0.28
0.26 4,80 0.66 0.20
0.28 4,54 0,68 0.15
0. 30 4,03 0,70 0.12
0.32 3.88 0,72 0,07
0.34 3.54 0.74 0.04
0.36 3.12 0.76 0.03
0.38% 2.88 0.78 0.02
0. 40 2,71 0. 80 0.03

Total Deposition

1. FMR is fraction of a mean range.

2. J is energy deposited in MeV/g/em™.

3. Estimated experimental uncertainty is 1.2%.

0.252 MeV 1%






E. Electron Energy Deposition in Copper

Energies (MeV): 1.0, 0.5, and 0.3

Angle (°): 0
Analysis Method: C
Angle Determination Method: N/A

Thermal Coupling Correction Method: None required

Continuous Slowing Down Approximation Range

Energy Range
{(MeV) (g/cmz)
1.0 6.25 x 10}
-1
0.5 2.58 x 10
0.3 1.25 x 107}
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Table V. E. 2

Electron Energy Deposition in Copper ™’ 2,
Experimental Results Theoretical Results
0.5 MeV, 0° 0.5 MeV, 0°
FMR _J FMR J FMR J
0.042 3.39 0.02 2.39 0.42 1,70
0.0886 4,14 0.04 3.06 0. 44 1.56
0.129 4,33 0,06 3.58 0. 46 1.34
0,173 4.14 0.08 4,10 0.48 1.13
0,220 3.80 0.10 4,46 0.50 0,94
0.264 3.35 0.12 4,47 0,52 0, 74
0.307 2.88 0,14 4,68 0.54 0.73
0,351 2,37 0.16 4,55 0.56 0.52
0. 397 1.87 0.18 4,47 0.58 0. 44
0. 447 1.35 0.20 4,29 0.60 0.35
0,516 0. 89 0.22 3.99 0.62 0.25
0.602 0.41 0,24 3.86 0.64 0.20
0.689 0.13 0.26 3,64 0.66 0.15
Total Deposition = 0.28 3.41 0.68 0.08
0,412 MeV 0.30 3.23 0,70 0.05
0.32 2.96 0.72 0.03
0.34 2,68 0.74 0.02
0.36 2,55 0,76 0.02
0,38 2,27 0.78 0.03
0,40 1,94 0.80 0,01

Total Deposition = 0,417 MeV +0%

1. FMR is fraction of a mean range.
2. Jis energy deposited in MeV/g/em”,
3. Estimated experimental uncertainty is 1.3%.

Trallivmandad mma Alssman ~adatintianl cvrmanmbnindsr Aawvannda 200 At Tavean TR
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1
Electron Energy Deposition in Copper

Experimental Results

0.3 MeV, 0°
FMR 3
0.087 4.77
0.178 4.95
0. 266 4.04
0. 357 2. 80
0.453 1.64
0. 544 0.78
0.632 0.31
0. 723 0.09

Total Deposition =
0,242 MeV

Table V., E.3

Theoretical Results

0.3 MeV, 0°
FMR I FMR J

0.02 2.95 0.42 2.11
0.04 3.97 0.44 1.83
0.06 4.64 0.46 1.64
0.08 5.15 0.48 1.37
0.10 5.41 0.50 1.11
0.12 5.43 0.52 0.91
0.14 5.51 0. 54 0.79
0.16 5.57 0. 56 0. 59
0.18 5.46 0.58 0.53
0.20 5.32 0.60 0.38
0.22 5.01 0.62 0. 30
0.24 4,72 0. 64 0.25
0.26 4.68 0.66 0.17
0.28% 4.40 0.68 0.14
0.30 3.88 0.70 0.10
0.32 3.53 0.72 0.07
0.34 3.26 0.74 0.03
0. 36 3.05 0.76 0.03
0.38 2.65 0.78 0.03
0. 40 2.34 0. 80 0.01

Total Deposition = 0,248 MeV %1%

. FMR is fraction of a mean range.

Estimated experimental uncertainty is 1.3%.

.
i

S d m i e mdadorio

1
2. J is energy deposited in MeV/g/cm®,
3
*

i m b demdee nmrm AN 207 A4
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Electron Energy Deposition in Molybdenum

Energies (MeV):

Angles (°):

Analysis Method:

Angle Determination Method:

Thermal Coupling Correction Method:

1,0, 0.5, 0.3, and 0,1

0 and 60

C

B

A

Continuous Slowing Down Approximation Range

Energy
(MeV)

1.0

Rang

_{g/lem?)

6.73 x 101

2.81 x 107}

1.37x 107!

2.46 x 10”2
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FRACTION OF A MEAN RANGE

Comparison of Experimental and Theoretical Energy Deposition Profiles in Semi-
Infinite Molybdenum for 1,0-MeV Electrons Incident at an Angle of 0°
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Electron Energy Deposition in Molybdenum1 2

Experimental Results

1.0 MeV, 0°
_FMR 3
0.004 1.99
0.012 2.30
0,022 2.68
0. 049 3.40
0.088 3.7
0.122 3.78
0. 159 3.45
0.198 3.04
0. 240 2,64
0. 280 2,18
0.319 1.75
0. 400 1.03
0.476 0. 50
0. 555 0.19
0.632 0,05

Total Deposition =
0.779 MeV

Table V. F.1

Theoretical Results

1,0 Mev, 0°

FMR J FMR J

0,008 1.84 0.205 3.37
0.016 2,36 0,221 3.06
0.024 2.53 0,237 2.73
0,032 2,76 0. 252 2.59
0.039 3.01 0.268 2.49
0. 047 3.15 0,284 2,29
0.055 3.38 0. 300 2.04
0.063 3.62 0. 315 1.80
0.071 3.65 0, 347 1.56
0.079 3.83 0,379 1.31
0,087 3.88 0,.410% 1. 00
0.085 3.94 0. 442 0.78
0,103 4.01 0.473 0.56
0.110 4,00 0,505 0,47
0.118 4,04 0.536 0.29
0.126 4,13 0,568 0,18
0.134 3.80 0. 599 0.12
0,142 3.70 0,631 0.06
0,158 3.61 0,663 0.04
0,174 3. 47 0.694 0.03
0.189 3.41 0,726 0.01

Total Deposition = 0,791 MeV +0%

1. FMR is fraction of a mean range,.

2. Jis energy deposited in MeV/g/cm”.
3

Sk

. Estimated experimental uncertainty is 1.6%.
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Experimental Results

1,0 MeV, 60°

FMR

0. 004
0,012
0,024
0.043
0,059
0,088
0.126
0.167
0,204
0,244
0,282
0,358
0,437
0.523
0.595

J

3,85
4.18
3.72
3.26
2.93
2.71
2,50
2.21
1.88
1.60
1.29
0.75
0.36
0.12
0.04

Total Deposition =

0. 557 MeV

Table V. F. 2

Electron Energy Deposition in Molybdenurn1 2

Theoretical Results
1,0 MeV, 60°

FMR J

0,008 3.92
0.016 4,53
0,024 4,20
0,032 3.98
0.039 3.69
0, 047 3.51
0.055 3.37
0,063 3.31
0.071 3.10
0.079 3.10
0.087 3.07
0.095 2.95
0.102 3.00
0.110 2,97
0.118 2.82
0.126 2.65
0,142 2.64
0,158% 2.48
0,173 2.40

FMR J
0.189 2,26
0. 205 2.09
0,221 1.99
0.236 1.79
0.252 1.65
0.268 1. 50
0,299 1.43
0.331 1.15
0.363 0.90
0,394 0.63
0.426 0.49
0.457 0.32
0,489 0.20
0.520 0.14
0.552 0.08
0,583 0,05
0.615 0.03
0.646 0,02
0.678 0.01

Total Deposition = 0. 602 MeV *1%

1. FMR is fraction of a mean range.
2. J is energy deposited in MeV/g/cm”,
3

. Estimated experimental uncertainty is 1.6%.

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Table V. F.3

Electron Energy Deposition in Molybdenuml’ 2.3
Experimental Results Theoretical Results
0.5 MeV, 0° 0.5 MeV, 0°
FMR I FMR J FMR J
0.009 2,48 0.009 2,36 0, 246 3.00
0.028 3.27 0,019 2.89 0,283 2.69
0,052 3.99 0.028 3.13 0.321 2.19
0.083 4,31 0.038 3.63 0.359 1.71
0,118 4,40 0,047 4,03 0,397 1,20
0.171 3.87 0.057 4,26 0.435 0,91
0.212 3.39 0.076 4.62 0.472 0.58
0,293 2.37 0.094 4,63 0,510 0.43
0.382 1.24 0.113 4,58 0,548 0.26
0.475 0.53 0.132 4,70 0.586 0.12
0.575 0,14 0.151 4,27 0.624 0.06
0.671 0,02 0.170 4,17 0,661 0,04
0.189 3.95 0.699 0.02
Total Deposition = 0, 373 MeV 0. 208 3,77 0.737 0. 00

0,227 3.46

Total Deposition = 0.381 MeV %1%

1. FMR is fraction of a mean range.

2. J is energy deposited in MeV/g/em™.
3. Estimated experimental uncertainty is 1.6%.

" Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR,
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Table V. F.4

Ed » 3
Electron Energy Deposition in Molybdenum1 2

Total Deposition = 0,290 MeV %1%

. FMR is fraction of a mean range.

. Jis energy deposited in MeV/g/cm”.
. Estimated experimental uncertainty is 1.6%.

F oW N

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR,

Experimental Results Theoretical Results
0,5 MeV, 60° 0.5 MeV, 60°
FMR J FMR J FMR J
0,009 4,40 0.009 4,65 0.208 2. 44
0.028 4,01 0.019 5.02 0,227 2.37
0,057 3.42 0,028 4,57 0. 245 2.15
0.102 3.04 0.038 4,20 0. 264 1,91
0.142 2.83 0,047 4,04 0.283 1.65
0.212 2,17 0.057 3.88 0. 302% 1.53
0.253 1. 80 0,066 3.65 0.321 1.32
0.301 1,40 0.076 3.57 0. 340 1,13
0.325 1.15 0,085 3.57 0.359 0. 88
0.400 0.61 0.094 3.51 0,396 0.70
0. 490 0. 22 0,104 3.41 0,434 0.48
0.586 0.05 0.113 3.43 0.472 0.30
Total Deposition = 0.123 3.25 0.510 0.19
0.272 MeV 0.132 3.12 0.548 0,12
0.151 3.04 0.585 0.07
0,170 2,94 0,623 0.03
0.189 2,74 0.661 0.01
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Experimental Results

Electron Energy Deposition in Molybdenum1

0.3 MeV, 0°
FMR J
0.019 3.35
0.041 4.63
0.058 4.78
0.106 4.99
0.139 4.68
0.171 4.44
0.210 3.88
0.241 3.48
0.291 2.66
0. 350 1.80
0.434 0.96
0.482 0.56
0.546 0. 27
0.599 0.11

Total Deposition =

0,208 MeV

Table V. F.5

Theoretical Results

0.3 MeV, 0°
FMR J FMR J

0,010 2.76 0.252 3.88
0,019 3.60 0,291 3.25
0.029 3.98 0.329 2,47
0.039 4.60 0.368 1.93
0. 048 5.01 0,407 1,41
0.058 5.18 0, 44 5% 1,00
0,077 5.35 0.484 0.59
0.097 5.60 0.523 0. 34
0.116 5.61 0.562 0.21
0.136 5.48 0.600 0.12
0.155 5.13 0,639 0,06
0.174 5.00 0.678 0.03
0.194 4.93 0,717 0,02
0,213 4.65 0.755 0,01
0,232 4,09

Total Deposition = 0,226 MeV 0%

. FMR is fraction of a mean range.

Estimated experimental uncertainty is 1.6%.

%k

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.

1
2. Jis energy deposited in MeV/g/em".
3.
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Experimental Results
0.3 MeV, 60°

FMR

0.019
0.058
0.117
0.171
0. 210
0,241
0,291
0,350
0.434
0,518
0.616

J

4,86
4,27
3. 56
3.21
2.64
2.43
1.81
1.156
0.51
0.20
0.04

Total Deposition =

0.160 MeV

Table V. F.6

Electron Energy Deposition in Molybdenuml’ 2,3

Theoretical Results
0,3 MeV, 60°

FMR J

0.010 5.43
0.019 6.02
0.029 5.24
0.039 4.94
0.048 4,53
0.058 4.33
0,068 4.38
0.077 4,20
0,087 4,07
0.097 4,05
0.106 3.80
0.116 3.81
0.135 3.90
0.155 3.68
0,174 3.54
0.194 3.41
0.213 3.13

FMR J

0,232 2,78
0. 252% 2.53
0.271 2.11
0,290 1,76
0,310 1.65
0,330 1.37
0,348 1.25
0,368 0.95
0. 406 0.79
0,445 0.58
0. 484 0.35
0.522 0.22
0. 561 0.14
0. 600 0.07
0.639 0.03
0,677 0.02

Total Deposition = 0,170 MeV +1%

1. FMR is fraction of a mean range.
2. J is energy deposited in MeV/g/cm”.
3

. Estimated experimental uncertainty is 1.6%.

e

3

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR,



11.0 1

10,0 -

9.0 -

8.0

1.0

6.0

3.0 -

ENERGY DEPOSITION (MeV/g/cmz)
-3
o
|

2.0 -

MOLYBDENUM
0.1MevV 0°
Mo CALOR IMETER THICKNESS

5.301X 107> glcm?

r

© EXPERIMENT
1 THEORY

1.0 — —
0.0 1 ! ! L I I
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure V. F. 7.

FRACTION OF A MEAN RANGE

1.0

Comparison of Experimental and Theoretical Energy Deposition Profiles

in Semi-Infinite Molybdenum for 0,1-MeV Electrons Incident at an

Angle of 0°



¥6-£6

Experimental Results

0.1 MeV, 0°
_FMR 3
0.108 8.03
0.230 6.23
0, 264 5.98
0.324 4,41
0.385 2,16
0. 446 1.84
0. 480 1.52
0.531 0.97
0. 591 0.52
0.653 0.29
1.342 0. 00

Total Deposition =

0,069 MeV

Table V., F. 17

Electron Energy Deposition in Molybdenum1 2

Theoretical Results

0.1 MeV, 0°
FMR J FMR J
0.017 5,64 0.380 3,04
0.035 7.50 0.397 2.50
0.052 9.33 0.414 2.29
0.069 9.56 0. 432 1.88
0.086  10.1 0.449 1.64
0.104 10,0 0. 466 1.32
0.121 10.15 0. 483 1.05
0.138 9.62 0.501 0.74
0.155 9.64 0.518 0.72
0.173 9.23 0.535 0.58
0.190 8. 59 0. 552 0.42
0.207 8.23 0. 570 0.33
0.224 7. 86 0.587 0.28
0.242 7.32 0.604 0.20
0.259 6.46 0.622 0.17
0. 276 6.13 0.639 0.13
0.294 5. 51 0.656 0.12
0.311 4,62 0.673 0.05
0.328 4.46 0.691 0.086
0.345%  4.12 0.708 0.04
0.363 3.69 0.725 0.03

Total Deposition = 0,074 MeV 0%

1. FMR is fraction of a mean range.

2. J is energy deposited in MeV/g/cm™,

3., Estimated experimental uncertainty is 1.6%.

" Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.,






G. Electron Energy Deposition in Tantalum

Energy (MeV): 1,033, 0,521, and O, 314* 1.0, 0,5, and 0.3
Angles (°): 0 0, 30, and 60
Analysis Method: A C
- Angle Determination Method: N/A B
Thermal Coupling Correction Method B** A

Continuous Slowing Down Approximation Range

Energy Range Energy Range
(MeV) (g/cm?) © (MeV) (g/cm?)
1.033 7.88 x 107+ 1.0 7.63x 1071
_____ 0.521 3.39 x 1071 0.5 3,25 x 1071
0.314 1.67 x 107} 0.3 1.60 x 107}

*
Data plotted at nominal energy after adjusting FMR as discussed in introduction
of this section.
Sk -3 2
Aluminum shield 1.1 x 10 ~ g/cm”,
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Table V. G.1

FElectron Energy Deposition in Tantaluml’ 23,4

Experimental Results Theoretical Results

1.0 MeV, 0°, Method A 1.033 MeV, 0°, Method B 1.0 MeV, 0°
FMR J _FMR I FMR J FMR J
0.015 2. 60 0.013 2,44 0.011 2.15 0. 260 1.50
0.035 3.33 0.015 2.65 0.022 2.72 0.271% 1.29
0.043 3.55 0.018 2,90 0.033 3.31 0. 282 1.13
0. 061 3.90 0.020 2,95 0.043 3.67 0.293 1.02
0.082 3.58 0.027 3.17 0.054 3.86 0. 304 0.96
0.107 3.41 0.034 3.36 0.065 3.91 0.315 0. 85
0.142 2.96 0. 045 3.56 0.076 3.90 0.325 0.72
0.208 2,04 0. 057 3.75 0.087 3,90 0. 336 0.69
0. 276 1.20 0.070 3.75 0.098 3.73 0. 347 0.62
0. 364 0.45 0.091 3.56 0.108 3.57 0.358 0,55
0.451 0.13 0.120 3.29 0.119 3.53 0. 369 0.47
Total Deposition = 0.170 2. 60 0.130 3.38 0. 380 0.42
0.648 MeV 0. 221 1.81 0.141 3.18 0.390 0.32
0.305 0. 88 0.152 3.05 0. 401 0. 29
0.426 0.17 0.163 2.96 0.412 0.24
Total Deposition = 0.174 2. 87 0.423 0.23
0.652 Mev 0.184 2.66 0.434 0.19
0.195 2. 47 0. 445 0.17
0. 206 2.26 0. 456 0.16
0.217 2.05 0. 466 0.11
0.228 1.81 0.477 0.08
0.239 1.72 0.488 0.08
0.249 1.55 0.499 0.07

1. Experimental results obtained by using both methods (A and B) for thermal . ~
coupling correction, Total Deposition = 0,670 MeV %1%

. FMR is fraction of a mean range.
J is energy deposited in MeV/g/cm”,
Estimated experimental uncertainty is 2.2% for Method A and 1.2% for Method B.

¥ o w N

Estimated one-sigma statistical uncertainty exceeds 4% at larger FMR.



86

1 ] T 1
4.0 i
Yo TANTALUM |
: 1.0 MeV 60°
_ Ta CALOR IMETER THICKNESS
S 1.655X 10" 2 g/cm®
= i
= [ ]
= ® EXPERIMENT
_ a0k L THEORY i
(@]
=
w
o
[a T
&
>—
[dw]
[a'4
Z
Lok
0.0 | 1 | 1
0.0 0.1 0.2 0.3 0.4 0.5

FRACTION OF A MEAN RANGE

Figure V., G.2. Comparison of Experimental and Theoretical Energy Deposition Profiles in Semi-

Infinite Tantalum for 1,0-MeV Electrons Incident at an Angle of 60°



Table V. G.2

Electron Energy Deposition in Tantaluml‘ 2,3,4

Experimental Results Theoretical Results
1.0 MeV, 60°, Method A 1.0 MeV, 60°
FMR J FMR J FMR J
0,015 3.48 0.005 3.81 0.228 1,22
0,030 3.12 0,011 3.99 0.239 1.14
0,043 2.97 0.016 3.65 0. 249 1,00
0.061 2.72 0.022 3.39 0. 260 0.91
0,082 2,47 0.027 3.19 0.271 0.89
0,107 2.32 0.033 3.18 0.282% 0.77
0.142 1.99 0.038 3.17 0.293 0.69
0,208 1.29 0,043 3.08 0,304 0.60
0.276 0.74 0,049 2.81 0,315 0. 54
0. 364 0.26 0.054 2.83 0.325 0,48
0.451 0.07 0,060 2. 87 0, 336 0,40
‘s 0.065 2.97 0, 347 0. 37
§_°;‘;12 Deposition = 0.070 2.86 0.358 0.32
0,076 2.76 0,369 0,29
0.087 2.82 0. 380 0.22
0.098 2.59 0. 390 0.20
0.108 2. 50 0,401 0.17
0,119 2.59 0.412 0.12
0,130 2.32 0,423 0.11
0.141 2.14 0.434 0.11
0,152 2.09 0,445 0.08
0.163 1.98 0,456 0.07
0.174 1,75 0,466 0.07
0,184 1.65 0.477 0.05
0.195 1.52 0.488 0.04
0. 206 1.38 0,499 0.04
0.217 1,36 0.510 0.02

Total Deposition = 0,495 MeV *1%

Experimental results obtained by using Method A for thermal coupling correction.
FMR is fraction of a mean range,

J is energy deposited in MeV/g/em™.

Estimated experimental uncertainty is 2.2% for Method A.

3R W N =
.
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Table V. G. 3

Electron Energy Deposition in Tantaluml’ 2,3, 4
Experimental Results Theoretical Results

0.5 MeV, 0°, Method A 0.5 MeV, 0°
FMR I FMR J FMR J
0.034 3. 90 0.008 2.41 0,263 1. 39
0.070 4, 23 0.017 3. 20 0.271 1.30
0.100 4,02 0.025 3.66 0. 280 1. 20
0.144 3.35 0.034 4,19 0.288 1.13
0,193 2.61 0.042 4,42 0,297 0.97
0,253 1.61 0.051 4,40 0. 305 0,97
0.333 0.71 0.059 4,47 0.314 0. 90
0,489 0,10 0.068 4.41 0,322 0. 82

. 0.076 4,37 0, 331 0.73
5 Ot Deposition = 0.085 4.45 0.339 0.63

0.093 4,30 0.348 0,62
0.521 MeV, 0°, Method B 0.102 4,22 0. 356 0. 56
FMR J 0.110 4,13 0. 365 0.47
0.119 3.83 4,373 0.42

0,029 3.40 0.127 3.65 0. 381 0. 40
0.037 3.72 0.136 3.66 0. 390 0.35
0,042 3.88 0. 144 3.45 0.398 0,32
0,048 3.95 0.153 3.39 0.407 0.32
0.063 4.20 0.161% 3.25 0.415 0.27
0,078 4,02 0.170 3.07 0,424 0.15
0.104 3.78 0.178 2,87 0,432 0.19
0.133 3.40 0.186 2,72 0. 441 0.17
0.163 2.89 0,195 2,49 0. 449 0,11
0.212 2.10 0.203 2.31 0.458 0.12
0.279 1.17 0.212 2.30 0. 466 0.09
0,396 0. 27 0,220 2.23 0,475 0.12
0.577 0.0 0.229 2,09 0,483 0.08
0.710 0.0 0.237 1,87 0,492 0,07

. 0,246 1.82 0.500 0.09
Total Deposition = 0, 305 MeV 0. 254 1.65

Total Deposition = 0.317 MeV £1%

1, Experimental results obtained by using both methods (A and B) for thermal
coupling correction,

. FMR is fraction of a mean range,

J is energy deposited in MeV/g/cm®,

Estimated experimental uncertainty is 2.2% for Method A and 1.2% for Method B.
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Table V. G. 4

FElectron Energy Deposition in Tantaluml’ 2, 3.4
Experimental Results Theoretical Results

0.5 MeV, 30°, Method A 0.5 MeV, 30°

FMR J FMR J FMR J

0.034 3.92 0. 006 2,49 0.191 2.59

0,070 3.93 0.013 3.25 0.203 2,34

0.100 3.74 0.019 3.54 0.216% 2.13

0.144 3.07 0,025 3. 86 0.229 1.92

0.193 2.36 0.032 4,08 0.242 1. 70

0. 253 1,45 0,038 4,14 0. 254 1.51

0.333 0.62 0.045 4,22 0.267 1,29

0. 489 0.09 0,051 4.23 0.280 1.11
0.057 4.18 0,292 0.95

Total Deposition = 0,064 4,11 0. 305 0. 84

0.295 MeV 0.070 4,03 0.318 0.75
0,076 4,10 0.331 0.59
0.083 4,20 0.343 0.53
0,089 4,08 0. 356 0.42
0.095 4,03 0.369 0. 30
0.102 3.89 0.381 0.30
0.108 3.89 0.394 0.25
0.114 3.81 0.407 0.21
0.121 3.75 0.420 0.17
0.127 3.75 0,432 0.14
0,134 3.60 0. 445 0.10
0,140 3.51 0.458 0.10
0,146 3.29 0. 470 0.10
0.153 3.37 0.483 0,06
0.1865 2.97 0,496 0.08
0.178 2,70 0.509 0.03

Total Deposition = 0,298 MeV *1%

. Experimental results obtained by using Method A for thermal coupling correction.
. FMR is fraction of a mean range.

. Jis energy deposited in MeV/g/cm®,

. Estimated experimental uncertainty is 2.2% for Method A.

H* oW N

Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Table V. G.5

Electron Energy Deposition in Tantaluml’ 2.3,4
Experimental Results Theoretical Results

0.5 MeV, 60°, Method A 0.5 MeV, 60°

FMR J FMR J FMR J

0.034 3.42 0.005 4,00 0.214 1,56

0,070 2.99 0.010 4,72 0,224 1.44

0.100 2,80 0.015 4,28 0,234 1.23

0,144 2,23 0.020 4,09 0. 244 1.09

0.193 1.63 0,025 3.87 0. 254 1.05

0.253 1.01 0,031 3.59 0. 264 0.91

0,333 0.43 0.036 3.49 0.275 0.77

0.489 0.07 0,041 3.53 0,285 0.71
0.046 3.39 0. 295 0.63

Total Deposition = 0,051 3,34 0. 305 0,57

0. 227 MeV 0.056 3.39 0,315 0. 47
0.061 3.36 0.326 0. 39
0. 066 3.50 0. 336 0.45
0.071 3.41 0,346 0. 36
0.076 3,20 0. 356 0.32
0,081 3.19 0. 366 0.29
0,086 3.17 0.376 0.22
0.092 3.03 0,387 0.21
0.097 3.06 0.397 0,15
0,102 2,97 0. 407 0.12
0.107 2.74 0,417 0.09
0,112 2,76 0,427 0.08
0.122 2,64 0.437 0.10
0.132 2.47 0,448 0.07
0,142 2,43 0.458 0,04
0,153 2,33 0,468 0. 06
0.163 2.21 0.478 0.06
0,173% 2,00 0.488 0.03
0.183 1.97 0.498 0.03
0.193 1.78 0. 509 0,03
0. 203 1.67

W N -

b

Total Deposition = 0, 235 MeV 1%

. Experimental results obtained by using Method A thermal coupling correction,

. FMR is fraction of a mean range.
. J is energy deposited in MeV/g/cm”.
Estimated experimental uncertainty is 2.2% for Method A.

Estimated one-sigma statistical uncertainty exceeds 4% at larger FMR.
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Table V. G.6

Electron Energy Deposition in Tantalum!* 2 3

Experimental Results Theoretical Results
0.3 MeV, 0°, Method A 0.3 MeV, 0°
FMR J FMR J FMR J
0.069 4.78 0.009 2,82 0, 266 1.74
0.142 3.94 0.017 3.89 0,274 1.63
0,204 2,97 0,026 4,35 0,283 1,51
0,292 1.37 0.034 5.11 0.292 1,28
0,392 0.48 0,043 5.21 0. 300 1,20
0.511 0.08 0.051 5,41 0.309 1,08
0,060 5.32 0.317 0,98
Total Deposition = 0.069 5.19 0,326 0.79
0.184 MeV 0.077 5,37 0.334 0,76
0.086 5.29 0. 343 0,70
0.314 MeV, 0°, Method B 0.094 5. 21 0,352 0,65
0.103 5.12 0. 360 0,57
FMR_ -3 0,111 5.00 0. 369 0,46
0,060 4,32 0,120 4,82 0,377 0.48
0.076 4,38 0.129 4,52 0.386 0.39
0,087 4,32 0.137 4,18 0.394 0, 34
0.097 4,23 0.146 4,14 0.403 0,33
0.129 3.92 0,154 4,06 0,412 0.25
0,159 3.41 0.163 4,03 0,420 6,21
0.210 2.52 0.172 3.85 0.429 0.16
0,271 1.54 0,180 3.62 0.437 0.17
0.331 0.82 0.189 3.41 0. 446 0.15
0.429 0,22 0,197 3.14 0.454 0.17
0. 566 0.02 0.206 2.92 0.463 . 0.16
0.214% 2.82 0.472 0.10
Total Deposition = 0.223 2,42 0.480 0.08
0,177 MeV 0,232 2.38 0,489 0,07
0,240 2,28 0.497 0.04
0.249 2.19 0. 506 0,04
0. 257 1.97

Total Deposition = 0,189 MeV %1%

—
-

Experimental results obtained by using both methods (A and B) for thermal
coupling correction,

. FMR is fraction of a mean range.

. J is energy deposited in MeV/g/crnz.

. Estimated experimental uncertainty is 2.2% for Method A and 1, 2% for Method B.

W N

¢

Estimated one-sigma statistical uncertainty exceeds 4% of larger FMR.



Electron Energy Deposition in Uranium

Energies (MeV): 1.0, 0.5, and 0.3
Angles (°): 0 and 60

Analysis Method: C
Angle Determination Method: B

Thermal Coupling Correction Method: B

Continuous Slowing Down Approximation Range

Energy Range,

(MeV) (g/cm®)
1.0 8.09 x 10 1
0.5 3.49 x 1071
0.3 1.74 x 107}

109
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Figure V., H.1, Comparison of Experimental and Theoretical Energy Deposition Profiles in Semi-

Infinite Uranium for 1.0-MeV Electrons Incident at an Angle of 0°
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Electron Energy Deposition in Uranium

Experimental Results

1.0 MeV, 0°
FMR J
0,010 2.77
0.016 3.05
0.017 3.20
0.023 3.43
0.029 3.59
0.034 3.75
0. 040 3.65
0, 049 3.72
0.061 3.69
0.074 3.56
0,096 3.26
0.120 3.00
0.142 2.63
0.167 2.25
0.194 1.68
0,228 1.36
0. 264 0.85
0.303 0.58
0,338 0.32
0.374 0.15

Total Deposition =
0,584 MeV

Table V., H.1

s

2,3

Theoretical Results

1.0 MevV, 0°

FMR J FMR J

0,01 2. 27 0.26 1.06
0.02 2.83 0,27 0.87
0.03 3.55 0.28 0.85
0.04 3.58 0.29 0.79
0.05 3.83 0.30 0.65
0.06 3.79 0.31 0.54
0.07 3.7 0,32 0.49
0.08 3.56 0.33 0.47
0.09 3.56 0.34 0.39
0.10 3.56 0.35 0. 26
0.11 3.41 0. 36 0.28
0.12 3.34 0.37 0.22
0.13 3.20 0.38 0.19
0.14 2.91 0. 39 0.17
0.15 2.87 0. 40 0.15
0.16 2.50 0. 41 0.14
0,17% 2,36 0.42 0.12
0.18 2.14 0.43 0.12
0.19 1.90 0. 44 0.10
0.20 1.81 0.45 0.12
0.21 1.61 0.46 0.08
0.22 1.59 0,47 0.09
0.23 1.38 0.48 0.05
0.24 1.30 0.49 0.05
0.25 1.18 0.50 0.03

Total Deposition = 0,615 MeV %1%

. FMR is fraction of a mean range.

. Estimated experimental uncertainty is 1.4%.

1
2. J is energy deposited in MeV/g/cm"™.
3
*

Estimated one-sigma statistical uncertainty exceeds 4% at larger FMR.
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Figure V. H.2, Comparison of Experimental and Theoretical Energy Deposition Profiles in Semi-
Infinite Uranium for 1.0-MeV Electrons Incident at an Angle of 60°
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Electron Energy Deposition in Uranium

Experimental Results

1.0 MeV, 60°
FMR J
0,010 3.56
0.016 3.16
0,017 3.28
0,023 3.12
0.029 3.01
0.034 2.76
0, 040 2.71
0,061 2.49
0.074 2.49
0, 096 2.14
0.120 2,00
0,142 1.67
0,167 1.45
0.194 1.05
0.228 0. 80
0, 264 0.53
0. 303 0,32
0,338 0.17

Total Deposition
0.413 MeV

. Estimated experimental uncertainty is 1.4%.

Table V. H,2

1,2,3

Theoretical Results
1.0 MeV, 60°

FMR

0,005
0. 009
0.014
0.018
0.023
0.027
0.032
0.036
0.041
0,046
0.050
0,055
0.059
0. 064
0.068
0.073
0.077
0,.082%
0.087
0,091
0.096
0.100
0,105
0.114
0,123
0,132
0.141
0,150
0.159
0.168
0,178

J

3.39
3.71
3.36
3.26
3.19
3,02
2.97
2,82
2.69
2.79
2.74
2.170
2.60
2.59
2.63
2.64
2.61
2,39
2.32
2.34
2.28
2.33
2.11
2,17
1.97
1.85
1.79
1.79
1.59
1.49
1.35

Total Deposition

. FMR is fraction of a mean range.

1
2. Jis energy deposited in MeV/g/cm”,
3
*

Fstimated one-aipma statistical uncertainty execeada 4% at lareger FMR

FMR J

0.187 1,22
0.196 1.19
0.205 1.09
0,214 0.98
0.223 0. 89
0,232 0. 85
0.241 0.76
0. 250 0. 64
0. 260 0, 56
0. 269 0.52
0.278 0.45
0,287 0,42
0.296 0.39
0,305 0.35
0,314 0.29
0.323 0.28
0.332 0. 26
0. 342 0.21
0.351 0.14
0.360 0.12
0.369 0.11
0,378 0.10
0.387 0.08
0,396 0,07
0. 405 0.06
0.414 0.05
0.424 0,04
0.433 0.03
0.442 0.03
0,451 0.03

0,427 MeV £1%



4.0
URANIUM
0.5 MeV 0°
U CALOR IMETER THICKNESS
i~ -2 2
e 3.0F 1.473X 10 © g/cm

2 —_
=
=
= © EXPERIMENT
- - L THEORY
=
e
’_
= 2.0
()
[all
a
>
(@)
o
(W]
=

1.0+

0,0 ] | l

0.0 0.]. 0.2 0.3 0.4

Figure V. H. 3.

FRACTION OF A MEAN RANGE

Comparison of Experimental and Theoretical Energy Deposition Profiles in Semi-
Infinite Uranium for 0, 5-MeV Electrons Incident at an Angle of 0°

0.5




SIT

1’
Electron Energy Deposition in Uranium

Experimental Results

0.5 MeV, 0°
FMR J
0.022 3.61
0,037 4,37
0,038 4,09
0.053 4,31
0.067 4.13
0.079 4,07
0,094 3.63
0.115 3.49
0,141 2. 89
0.172 2.35
0.223 1.35
0.278 0.83
0.330 0.35
0.387 0.13

Total Deposition =
0.277 MeV

Table V. H, 3

Theoretical Results

0.5 MeV, 0°

FMR dJ FMR J

0.01 2.35 0.26 0.97
0.02 3.41 0. 27 0.93
0.03 4.12 0.28 0.82
0.04 4.17 0.29 0. 84
0,05 4.30 0.30 0.63
0. 06 4.49 0,31 0. 50
0.07 4,62 0,32 0.42
0.08 4.50 0.33 0.38
0,09 4.27 0. 34 0. 39
0.10 3.94 0.35 0. 38
0.11 3.61 0. 36 0.27
0.12 3.78 0,37 0.19
0.13 3.42 0.38 0.15
0.14 3.28 0.39 0.09
0.15 2.97 0. 40 0.07
0.16 2,91 0.41 0.09
0,17 2.48 0.42 0.08
0.18 2.31 0.43 0.04
0.19 2.16 0.44 0.03
0.20 1. 80 0.45 0.03
0.21 1.73 0.46 0.03
0.22 1.58 0. 47 0.04
0.23 1.48 0,48 0.02
0.24 1.36 0.49 0.03
0.25 1.10 0.50 0.02

Total Deposition = 0.291 MeV £1%

1. FMR is fraction of a mean range.
2. J is energy deposited in MeV/g/cm”,
3. Estimated experimental uncertainty is 1.4%.

Estimated one-sigma statistical uncertainty exceeds 5% at larger FMR.
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Figure V. H.4. Comparison of Experimental and Theoretical Energy Deposition Profiles in Semi-

Infinite Uranium for 0.3-MeV Electrons Incident at an Angle of 0°
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Electron Energy Deposition in Uranium1

Experimental Results

0,3 MeV, 0°
FMR J
0,044 4.69
0,075 4.73
0.077 4.67
0.105 4.42
0,135 3.68
0.159 3.04
0.189 2.33
0, 230 1.72
0.284 0.84
0.345 0.35
0,448 0.04

Total Deposition =

0.165 MeV

Table V. H.4

Theoretical Results

0.3 Mev, 0°

FMR J FMR J

0.01 3.11 0. 26 1.11
0,02 4,01 0.27 0.99
0.03 4.63 0,28 1.01
0.04 4,87 0,29 0.80
0.05 4. 89 0, 30 0.60
0.06 5.16 6. 31 0. 51
0.07 5.03 0,32 0.59
0.08 5.01 0,33 0.36
0.09 5.29 0,34 0.36
0.10 5.08 0.35 0.29
0.11 4,35 0.36 0.33
0.12 4.22 0,37 0.18
0.13 3.178 0.38 0.09
0, 14% 3,70 0, 39 0.08
0.15 3.38 0,40 0.08
0.16 3.29 0,41 0.07
0.17 3.02 0,42 0.05
0.18 2.56 0.43 0.08
0.19 2.42 0,44 0.08
0.20 2,20 0.45 0.07
0.21 2.05 0. 46 0.02
0.22 1.82 0.47 0.05
0.23 1.44 0.438 0,07
0.24 1.33 0,49 0.02
0.25 1.22 0.50 0.01

Total Deposition = 0.166 MeV +2%

. FMR is fraction of mean range.

. Estimated experimental uncertainty is 1.4%.

1
2. J is energy deposited in MeV/g/cmZ.
3
sk

Estimated one-sigma statistical uncertainty exceeds 5% at larger FMR.






Electron Energy Deposition in Beryllium/Gold/Beryllium

Energies (MeV): 1.0
Angles (°); 0
Analysis Method: C
Angle Determination Method: N/A

Thermal Coupling Correction Method: Beryllium (A), Gold none required

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cm2)
1.0 5.36 x 1071 (Be)

7.72 x 1071 (Au)
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Electron Energy Deposition in Carbon/Copper/Carbon

Energies (MeV): 1.0
Angles (°): 0
Analysis Method: C
Angle DeterminationMethod: N/A

Thermal Counling Correction Method: Carbon (B); Copper, none reguired.

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cm?)
1.0 4.89 x 107! (C)

6.25x 101 (Cu)
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K. Electron Energy Deposition in Carbon/Tantalum/Carbon

Fnergies (MeV): 1.0
Angles (°): 0
Analysis Method: C
Angle Determination Method: N/A

Thermal Coupling Correction Method: Carbon (B), Tantalum (B)

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cm?)
1.0 4.89x 1071 (©)

7.63 x 107Y (Ta)
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Figure V. K. 1.

Comparison of Experimental and Theoretical Energy Deposition Profiles in a Carbon/

FRACTION OF A MEAN RANGE

Tantalum/Carbon Configuration for 1, 0-MeV Electrons Incident at an Angle of 0°
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Electron Energy Deposition in Carbon/Tantalum/Carbon

Experimental Results

1.0 Mev, 0°
_FMR_ 3
InC
0,016 2,38
0,044 2,59
0.072 2.80
0,105 3.02
0,133 3.41
In Ta
0.160 2.29
0.175 2,38
0.190 2.15

InC
0,218 3.27
0.269 2,88
0.320 2. 89
0,372 2.58
0.424 2.38
0.494 2,09
0. 574 1.66
0.654 1,27
0.728 0.87
0,808 0,48

Table V. K. 1

1,2,3

Theoretical Results

1.0 MeV, 0°
FMR J FMR J
In C In C cont,
0.019 2,17 0.416 2.48
0,037 2,40 0.447 2,31
0. 056 2.53 0.478 2.20
0.075 2.62 0. 508 2.05
0.093 2.73 0.539 1,94
0.112 2.87 0. 570 1.81
0.131 3.00 0.600 1.64
0,149 3.21 0.631 1. 50
0,662 1.33
In Ta 0,692% 1.15
0.167 2.32 0.723 0.93
0.184 2.53 0.'754 0.79
0. 201 2.24 0.784 0.62
0.815 0,48
InC 0. 846 0,34
0,232 3.28 0.877 0,22
0.263 3.10 0. 907 0.15
0.293 2.95 0.938 0,08
0.324 2.82 0.968 0. 05
0. 355 2,72 0.999 0.02
0.385 2.61

Total Deposition = 0, 884 MeV 0%

1. FMR is fraction of a mean range.

2. J is energy deposited in MeV/g/cm®,
3. Estimated experimental uncertainty is 2.0% in C and 1.2% in Ta,






L. Tlectron Energy Deposition in Carbon/Gold/Carbon

Energies (MeV): 1.0
Angles (°): 0
Analysis Method: C
Angle Determination Method: N/A

Thermal Coupling Correction Method: Carbon (B); Gold, none required,

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cm?)
1.0 4.89x 107! (C)

7.72x 10} {Au)
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Figure V. L.1. Comparison of Experimental and Theoretical Energy Deposition Profiles in a Carbon/
Gold/Carbon Configuration for 1.0-MeV Electrons Incident at an Angle of 0°




Electron Energy Deposition in Carbon/Gold/Carbon

Experimental Results

1.0 MeV, 0°

FMR I

InC
0.016 2.42
0. 049 2.78
0.081 2.98
0.110 3.26
0.138 3.73
0.166 4.07

In Au
0.191 2. 57
0.210 2.65
0.228 2.09

InC
0. 254 2,81
0. 282 2.70
0.310 2. 60
0.339 2,49
0. 371 2.38
0.404 2. 217

Table V., L.1

1, 2,3

Theoretical Results

1.0 MeV, 0°
FMR J FMR J
InC In C cont.
0.022 2.37 0,430 2,27
0.045 2.57 0,462 2,16
0.067 2,175 0,493 2,07
0.093 2.87 0. 525 1.89
0,115 3.03 0. 557 1.75
0.138 3.34 0,589 1,62
0.160 3. 37 0,621%* 1,43
0.182 3.64 0.653 1.28
0.685 1,06
In Au 0,717 0.91
0. 201 2.60 0,749 0.71
0.219 2.64 0,781 0.53
0.238 2,13 0.813 0. 40
0. 845 0.29
InC 0.877 0.21
0. 270 3.03 0, 909 0.11
0,302 2,87 0. 941 0,07
0.334 2.70 0,972 0,04
0. 366 2. 56 1,004 0.02
0.398 2,36

Total Deposition = 0, 877 MeV x0%

1. FMR is fraction of a mean range.
2. J is energy deposited in MeV/g/em®.
3. Estimated experimental uncertainty is 2.0% in C and 1.5% in Au.



M.  Electron Energy Depesition in Carbon/Uranium/Carbon

Energies (MeV): 1.0
Angles (°) 0
Analysis Method: C
Angle Determination Method: N/A

Thermal Coupling Correction Method: Carbon (B), Uranium (B)

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cm?)
1.0 4.89x 10! (C)

8.09 x 107} (U)
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Figure V. M.1. Comparison of Experimental and Theoretical Energy Deposition Profiles in a Carbon/
Uranium/Carbon Configuration for 1.0-MeV Electrons Incident at an Angle of 0°
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Table V. M. 1

Electron Energy Deposition in Carbon/Uranium/Carbonl’ 2.3
Experimental Results Theoretical Results
1.0 MeV, 0° 1.0 MeV, 0°
FMR J FMR I FMR J
InC InC In C cont
0.016 2.57 0.017 2,56 0.367 2.35
0.044 2,87 0.033 2.7 0.399 2,26
0,072 3.07 0.050 2,82 0.431 2.09
0,105 3.30 0,066 2,88 0.463 1.99
0.133 3.79 0.083 3.00 0. 495 1,86
0.100 3.10 0. 527* 1.66
InU 0.116 3.33 0. 559 1.53
0.159 2.69 0.133 3.32 0. 591 1.43
0.179 2.57 0,149 3.72 0.623 1.25
0.199 2.07 0.655 1.10
In U 0.686 0,98
InC 0.169 2,51 0.718 0,83
0,223 2,86 0,188 2,51 0. 750 0.65
0.274 2.59 0. 207 2.03 0, 782 0. 46
0.325 2,38 0.814 0,32
0,377 2,21 InC 0. 846 0.25
0.429 2.06 0.239 2.98 0.878 0.16
0,499 1. 80 0.271 2.63 0,942 0.08
0.579 1.44 0,303 2.53 0,974 0.03
0.659 1.07 0.335 2,44 1,006 0.01
0,733 0.73

Total Deposition = 0, 831 MeV 0%
0.813 0.40

1. FMR is fraction of a mean range.
2. Jis energy deposited in MeV/g/cm*“.
2. TFetimated eynerimental uncertaintv is 2.0% in C and 1.4% in T.






N. Electron Energy Deposition in Aluminum/Gold/Aluminum

Energies (MeV):

Angles (°):

Analysis Method:

Angle Determination Method:

Thermal Coupling Correction Method:

1.0
0

C
N/A

None required

Continuous Slowing Down Approximation Range

Energy
{(MeV)

1.0

Range2
(g/cm®)

5.51 x 1071 (A1)

7.72 x 1071 (Au)
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Figure V, N.1. Comparison of Experimental and Theoretical Energy Deposition Profiles in an Aluminum/
Gold/Aluminum Configuration for 1.0-MeV Electrons Incident at an Angle of 0°
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Electron Energy Deposition in Aluminum/Gold/ Aluminum

Experimental Results

1.0 MeV, 0°
FMR J
In 41
0,005 2,15
0.017 2.40
0.028 2,54
0,041 2.70
0.053 2,85
0,064 2.96
0.079 3.40
In Au
0.083 2.56
0,112 2,82
0.130 2.46
In A
0.145 3.34
0.186 3.00
0.226 2,82
0. 296 2.46
0. 353 2.19
0. 394 1.99
0,447 1.66
0.520 1.21
0.590 0,83
0.668 0. 46
0.741 0.22

Table V., N. 1

1,2,3

Theoretical Results

1.0 MeV, 0°

FMR 3 FMR J

In Al In Al cont.
0.009 2.10 0.332 2,37
0,018 2.28 0. 359 2,23
0.028 2.37 0.387 2,03
0.038 2.56 0,414 1.89
0,047 2,79 0. 442 1.79
0. 056 2,78 0.469 1.63
0,065 2,91 0,497 1,44
0,075 3.02 0. 524 1,34
0.084 3.40 0. 552 1.16
0.579 0.99
In Au 0.607 0. 86
0.102 2,57 0.634% 0.68
0,121 2,82 0.662 0.54
0.139 2.51 0.689 0. 39
In Al 0,717 0.31
0.167 3.28 0. 744 0. 24
0.194 3.15 0,772 0,18
0.222 3.01 0.799 0.11
0,249 2,80 0,827 0. 06
0.277 2.66 0. 854 0.02
0.304 2.52 0. 882 0,01

Total Deposition = 0,810 MeV +0%

1. FMR is fraction of mean range. 2
2. J is energy deposited in MeV/g/cm®,
3. Estimated experimental uncertainty is 1.4% in Al and 1,5% in Au.
*_






Electron Energy Deposition in Tantalum/ Aluminum

Energies (MeV):1 1,033, 0,521, and 0,314

Angles (°): 0

Analysis Method: Aluminum (A), Tantalum (A and B)
Angle Determination Method: N/A

2 3
Thermal Coupling Correction Method: Aluminum, none required; Tantalum (B)

Continuous Slowing Down Approximation Range

Energy Range
(MeV) (g/cm?)
1.033 7.88 x 1071 (Ta)

5.69 x 10° L (Al)

1. Data plotted at nominal energy after adjusting FMR as discussed in
introduction of this section.

2, First data point in aluminum at interface is high because of thermal
coupling between front tantalum and aluminum calorimeter,

3. Aluminum shield 1.1 x 107 g/cm2,
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Figure V. O.1. Comparison of Experimental and Theoretical Energy Deposition Profiles in a Tantalum/
Aluminum Configuration for 1.0-MeV Electrons Incident at an Angle of 0°



Experimental Results
1,033 MeV, 0°

FMR

0.013
0.026
0.040
0.058
0,081
0.095

0.112
0.115
0,121
0,139
0.153
0,167
0.219
0,282
0. 360
0.439
0.529
0,620
0.747

In Ta

g
2.08
2. 46
2.72
2.77
2.49
2.21

3.15
2.86
2,75
2.69
2.63
2.53
2.30
2.02
1.67
1.27
0. 85
0. 46
0.12

Table V. Q.

1

Electron Energy Deposition in Tantalum/Aluminum

1,2,3

Theoretical Results

1.0 MevV, 0°
FMR J FMR J
In Ta In Al cont
0.011"  1.87 0.427  1.43
0.021 2. 36 0. 447 1.39
0.032 2.78 0. 467 1.28
0.043 2.93 0.487 1.10
0. 054 3.08 0. 507 0,99
0. 064 3.01 0.527 0.90
0.075 2.98 0. 547 0. 83
0.086 2.175 0.567 0,74
0.096 2,52 0. 587 0,62
0.107 2,32 0. 607 0.49
0.627 0.49
In Al 0.647 0.41
0.127 3.14 0. 667 0.35
0.147 2.92 0. 687 0.31
0.167 2.7 0. 707 0. 24
0.187 2.171 0.727 0.18
0. 207 2. 60 0.1747 0.14
0. 227 2. 54 0.767 0.11
0.247 2,38 0.1787 0.08
0.267 2.29 0. 807 0.06
0.287 2.18 0.827 0.05
0. 307 2,02 0. 847 0.03
0. 327 1.98 0. 867 0.02
0. 347 1.78 0. 887 0.01
0. 367 1.69 0. 907 0.01
0. 387 1.62 0.927 0.01
0. 407 1.55

Total Deposition = 0, 729 MeV 0%

. FMR is fraction of a mean range.

. Estimated experimental uncertainty is 1.2% in Ta and 1.4% in Al

1
2, J is energy deposited in MeV/g/em”®.
3
*

"Estimated one-sigma statistical uncertainty exceeds 3% at larger FMR.
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Aluminum Configuration for 0. 5-MeV Electrons Incident at an Angle of 0°
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Table V. 0.2

1

2. J is energy deposited in MeV/g/cm®,

3. Estimated experimental uncertainty is 1.2% in Ta and 1.4% in Al,
*

Electron Energy Deposition in Tantalum/Aluminuml’ 2,3
Experimental Results Theoretical Results
0,521 MeV, 0° 0.5 MeV, 0°
FMR J FMR I FMR J
In Ta In Ta In Al cont.
0.030 3. 87 0.021 2,89 0,387 0.81
0.060 4,42 0,041 4,03 0. 407 0.75
0,093 4.23 0.062 4,35 0.427* 0.69
0.135 3.42 0,082 4,46 0,447 0.62
0.190 2.48 0,103 4.21 0.467 0,51
0.221 1.57 0.123 3.93 0, 487 0. 45
0.144 3.61 0, 507 0.42
In Al 0. 165 3.15 0,527 0.35
0.261 1.76 0.185 2.74 0. 547 0. 30
0.268 1,23 0.206 2.29 0,567 0, 27
0.282 1,13 0,226 1.78 0,587 0.22
0. 327 0.94 0,247 1,34 0.607 0,20
0.359 0.83 In Al 0.627 0.17
0. 393 0,71 0. 257 1.60 0. 647 0.14
0,520 0.33 0.267 1.46 0.667 0.11
0.673 0.08 0.277 1.41 0.687 0.07
0. 865 0.00 0. 287 1.33 0.707 0,06
0.297 1,24 0,727 0.04
0. 307 1.25 0,747 0,03
0.317 1.19 0,767 0.03
0.327 1.14 0,787 0.02
0. 347 1.05 0. 807 0.02
0.367 0,94 0,827 0.01
—_— Total Deposition =

. FMR is fraction of a mean range. 0.320 MeV %1% 0.847 6.01
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Aluminum Configuration for 0. 3-MeV Electrons Incident at an Angle of 0°



Table V. O.3

Electron Energy Deposition in Tantalum/Aluminuml’ 2,3

Experimental Results Theoretical Results
0,314 MeV, 0° 0.3 MeV, 0°

FMR J FMR J FMR J
In Ta In Ta In Ta cont

0. 060 4,84 0,041 4,20 0, 453 0.18

0.123 4.33 0.082 5.41 0.494 0,07

0.188 3.26 0.123 5,03

0.273 1.63 0.165 4,17 In Al

0. 384 0. 49 0,206 3.32 0, 504 0.04

0. 447 0.19 0. 247 2,41 0.514 0.05

0.288 1.63 0.524 0.04

In Al 0,329 1.01 0,534 0.03

0.528 0. 38 0,370%* 0.61 0. 544 0.03

0.572 0,02 0.412 0.35 0,554 0.01

0,666 0.00

Total Deposition = 0,188 MeV 1%

1., FMR is fraction of a mean range.

2. J is energy deposited in MeV/g/cm".

3. Estimated experimental uncertainty is 1.2% in Ta and 1.4% in Al,
£

Estimated one-sigma statistical uncertainty exceeds 8% at larger FMR.



VI. Conclusions

A new calorimetric method has been developed for the measurement of electron energy deposi-
tion profiles in one-dimensional, thermally conducting media available in the form of thin foils,
This method has several advantages over more traditional techniques such as ionization chambers,
passive dosimetry, solid-state detectors, and luminescence, A specially developed method for
analyzing data obtained from a modulated source beam by an on-line computer minimizes sensitivity
to beam alignment and beam profile, System calibration with a positive-ion machine eliminates

uncertainties due to thermophysical parameters.

The technique has been used to measure electron energy deposition profiles in a number of
conducting media spanning the periodic table, as a function of the kinetic energy (< 1.0 MeV) and
angle of incidence (s 60°) of the source electrons. Results have been obtained for both semi-infinite
and multilayer configurations., In every case, these results have been compared with the predictions
of a sophisticated, one-dimensional coupled electron/photon Monte Carlo transport code. Overall
agreement between theory and experiment is very good. There is a tendency for the theoretical pre-
dictions to be higher near the backscatter peak and lower in the straggling tail; this discrepancy is
usually larger at lower source energies and higher target atomic numbers, Another less system-

atic, but somewhat more serious discrepancy occurs in low-Z media near high-Z/low-Z interfaces.

The present technique becomes less accurate as the thermal conductivity of the stopping
medium decreases. For example, unsatisfactory results have been obtained for stainless steel
and titanium. In an attempt to overcome this problem, we are studying a new quasi-integral techni-
que which involves mechanical modulation of the electron beam by thin foils in front of a total-

stopping calorimeter,
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APPENDIX

Differential Equation for Heat Flow

We assume in the following that the calorimeter system possesses circular symmetry. By
this we mean not only that the calorimeter is circular in shape but that heat input and removal
occurs with no angular dependence, Further, we assume that the thickness of the calorimeter is
small enough so that there is no Z-dependence. Thus the calorimeter is a thin circular disc.
Although the above assumption of angular independence in heat input and removal is not rigorously
fulfilled, the approximation obtained as a result of the assumption is quite satisfactory. In practice,
the angular dependence arises from (1) the noncircular shape of the calorimeters (they are generally
octagonal in contour) and (2) the noncircular heat input profiles which result when the angle of in-
cidence of the electron beam is deliberately chosen to be other than zero, In general, the calorim-
eters are so thin that the approximation resulting from the assumption that there is no Z-dependence

is very good (generally w/ro < 10_2).

Consider then an annular element, having radii r and r + Ar, of a circular sheet of radius ry

and thickness w. Let the material have the following properties:

K1 = thermal conductivity

p = density

¢ = specific heat
¢ = total emissivity .
Further, assume that the temperature difference between any point on the circular sheet and some

reference temperature T0 is given by u(r,t), so that u(r,t) = T(r,t) - To' Then at radius r the rate

at which heat flows into the element is given by

ou
-211TWK1 5r

Likewise, the rate at which it leaves the element at r + Ar is given by

-2mr + Ar)wk, 22
1 or

r + Ar



Thus, the net heat flow into the element by conduction is

ou du
—211le r—a-; - (r+Ar)§

r r+Ar}

_ 3 du
= 211le 3 (r ar) Ar

4 4
Heat also leaves by radiation. The rate is (for both sides) 4rrArge(T - To). The usual

4
approximation is that T4 - To = 4Tiu, resulting in heat loss at the rate of

3
16mAro eTou ,
where ¢ is the Stefan-Boltzmann radiation constant.

The final heat-flow terms are the source and sink terms. For the source we assume a heat

input rate (t';)per unit area such that
q = q(r,t) .

As noted, q is assumed to be independent of azimuthal angle. The heat input rate to the element is

then:
21rrArE;(r, t) .

The sink is represented by the heating of the material., The rate at which heat is deposited is

related to the rate of temperature rise by
du
2nrAr wpc 5T ¢

We now collect terms, putting heat input terms on the left (with appropriate attention to the

algebraic signs) and the material heating term on the right:

3 du . 3 .
21er1 3F (ra—r—) Ar' - 16mrAroe Tou + 2mrArq(r, t)

N ou
= 2prArwpc 5T ¢



This results in

o (f' a_u) ) e u + alr,t) _ pe du

r ar ar le le K1 ot
If we define

a2 = 80€T° and 32 - &

le K1

then further rearrangement results in

1 3 du _ 2u 32 du q(r, t)

r dr dr h 3t wK ’

which is Eq (1) in this report.
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